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Abstract
The ubiquity and convergence of wireless communication services have re-
sulted in an unprecedented popularity of mobile communications. As a re-
sult, wireless communication is in constant evolution with the latest develop-
ment being the massive deployment of base stations to support ever-growing
user demands for efficient and reliable communication services. Given that
wireless communication systems operate on radiofrequency waves, the elec-
tromagnetic (EM) emissions they generate could have adverse health effects
on humans, as it has been recently suggested by the World Health Organisa-
tion. Moreover, given the current densification of base stations and extensive
usage of mobile devices, exposure due to EM emissions is foreseen to greatly
increase in the near future. Hence, the aim of this thesis is to propose novel
techniques for minimizing EM emission from wireless communication sys-
tems. In order to achieve this, an extensive survey of EM exposure in mobile
communication systems has been carried out at first, and promising solutions
have been identified.
The first part of thesis provides a comprehensive survey of existing litera-
ture as well as a tutorial on dosimetry. It also includes metrics, guidelines and
limits on the exposure from EM emission in mobile communication systems.
Furthermore, potential techniques to minimize EM emission in wireless sys-
tems are discussed. Based on the review of these techniques, the second part
of this thesis proposes novel three-dimensional resource allocation techniques
(frequency, power and time) to minimize EM emission in the uplink of single
cell system with orthogonal frequency division multiple access (OFDMA).
Two EM emission-aware schedulers are proposed by taking into account the
signalling power, quality of service target as well as the data transmission
power of each user in the network, such that a detailed analysis of EM emis-
sion minimization in the uplink of OFDMA is provided. Simulation results
show that the novel schemes developed in this thesis significantly outperform
existing energy-efficiency and spectral efficiency based scheduling schemes in
terms of EM emission reduction.
The third part of this thesis combines the single cell three-dimensional
resource allocation with base station coordination to minimize EM emission
in the uplink of multicell systems with OFDMA. A novel EM emission-aware
resource allocation scheme is proposed for the multicell scenario whereby
a central scheduler performs user grouping and subcarrier allocation. Two
power allocation algorithms are proposed for the scheme to minimize EM
emission. The first power allocation algorithm is iterative by design and
it involves multicell iterative optimization to obtain the transmit powers of
each user to minimize EM emission in the system. The second power al-
location algorithm, on the other hand, uses the average channel gain of the
users in each group to obtain the approximate transmit power of each user to
minimize the EM emission over a transmission window without the need for
multicell iterative optimization. Simulation results show the effectiveness of
the proposed scheme that also significantly outperforms existing scheduling
schemes in terms of EM emission reduction.
Keywords—Coordination, EM emission, OFDMA, power allocation, sub-
carrier allocation
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Chapter 1
Introduction
1.1 Scope
Mobile communication systems have recorded a tremendous growth over the
past few decades. Steady advancement in research has led to an increase in
data rate from 50 kbps in 2G systems to 1 Gbps in the current 4G systems.
As expected, the evolutions have resulted in continuous network upgrades
and large-scale deployment of base stations (BSs) to support the increasing
user demands. With the 5G system expected to increase data rate by a
thousand fold [1, 2], it means more BSs would have to be deployed to sup-
port the increasing mobile user demands. Given that mobile communication
systems rely on radiofrequency (RF) waves to operate, the popularity and
ubiquity of mobile communication devices as well as recent trends, such as
the Internet of Things (IoT) and heterogeneous deployment of BSs, raise the
level of electromagnetic (EM) exposure to the public. As a result, there are
growing concerns about the possible adverse health effects due to exposure
to EM emissions from mobile communication systems. Interestingly, most of
the worries about EM emissions have been on the downlink (probably due
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to the visible increased deployment of BSs) even though the EM emission
from mobile phones is more harmful because the antennas are closer to the
human body when in use. With the evolution of mobile phones from sim-
ple voice-oriented devices to ubiquitous data-centric smart devices and the
growing usage of such devices by the public over longer periods of time, con-
cerns about adverse health effects of exposure to EM emission from mobile
communication systems are rapidly increasing. This brings about the need
to investigate techniques for reducing EM emissions from such systems.
Despite these worries and the uncertainty surrounding the health impli-
cations of long-term exposure to EM emission, very few research works on
reducing EM emission in mobile communication systems have been carried
out, given that most researchers and wireless equipment manufacturers only
focus on complying with the limits imposed by regulatory bodies. However,
these limitations are designed for short-term usage and, hence, do not protect
well enough from the long-term effects of EM exposure, as it has been argued
in [3]. Luckily, the onset of the 5G mobile communication system brings with
it a new opportunity for research on EM exposure in wireless communication
systems. It is foreseen that latency and EM emission, alongside traditional
criteria such as spectral efficiency (SE) and energy efficiency (EE), will take
centre stage in the design of the 5G system [1].
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1.2 Factors Contributing to EM Exposure in
mobile communications
Broadly speaking, EM exposure represents the amount of RF radiation that
people are exposed to. This amount is proportional to the energy of RF
radiation as well as the rate at which it is absorbed by the body. The energy
itself is a product between power and time, i.e. duration of exposure.
The mobile communication system is typically composed of a number
of BSs, each having at least one antenna communicating with several mo-
bile devices. The region served by a BS is known as a cell, which ranges
from a few meters to a couple of kilometres. The coverage region of a BS
depends on the BS antenna used and the traffic density of the area. A mo-
bile communication system is, therefore, made of a number of cells, hence
the name “cellular system”. A BS communicates with its mobile terminals
wirelessly over an RF channel. The operating frequency of a network oper-
ator depends on the type of technology deployed and its operational license.
A mobile device searches for nearby BSs and connects to the one with the
best communication path between them and not necessarily the BS closest
to it. Transmission from the mobile device to the BS is known as the uplink
while transmission from the BS to mobile terminals is referred to as down-
link. Each BS in the network is connected to the core network via backhaul
links, which could be dedicated high-speed fibre optic cables or microwave
links. BSs are typically mounted on towers or on building walls and rooftops.
Service providers normally deploy additional BSs as the demand increases;
this additional deployment increases the network capacity without the need
3
for more radio spectrum. However, the transmit powers of the BSs must
be adequately tuned to minimize interference between the cells. Hence, it
is clear that the topology of the network, e.g. how the BSs are placed as
well as how many BSs the user is surrounded by, and the user location will
affect power and, in turn, EM exposure. Whereas the duration of exposure
and the specific absorption rate (SAR) will reflect, for a constant power, the
biological effect of exposure through body temperature measurements. SAR
gives the rate at which EM radiation is absorbed by the body.
1.2.1 Communication network topology
Cell deployment: The topology deployed by a network affects the EM
emission exposure to a significant level. It dictates the number, location
and transmit powers of BSs in the network. With a typical per antenna
transmit power of 20 W and a range of 1 km to 20 km [4], macrocells are
used to provide coverage to larger areas. Hence, macrocell BSs are primarily
used to serve areas with low population density and traffic demands such as
suburban and rural areas. In this case, the BS transmits with full power so as
to provide as much coverage as possible. However, this results in higher levels
of EM emission exposure from the BS. Accordingly, the cells in dense-urban
areas are relatively smaller (about 100 m to 500 m in radius) and have lower
transmit powers of up to 5 W to allow for the increased user demands due
to a higher population density [5]. Although these BSs have lower transmit
powers, the heavy deployment of BSs to serve the high population density
results in additional sources of EM emission exposure in the downlink.
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Distributed antenna topology: Distributed antenna systems (DASs)
are multiple geographically separated antennas that are connected to a BS
within a cell. DASs have the advantage of reducing large scale shadowing,
improving capacity and coverage, as well as reducing the link distance by
spatially separating the antennas over a given area. The antenna heads in
a DAS are connected to the BS via high-speed optical fibre cables or radio
links [6]. The authors in [7] have shown that DASs significantly reduce the
transmit powers of mobile phones because the communication link distance
is reduced to the distance between the mobile phone and the DAS antenna
head. This has a considerable impact on the levels of EM emission in the
uplink of DASs. In the downlink, given the lower transmit power of DAS
antenna heads relative to the conventional macrocell BS, the EM emission
exposure from each antenna head in DAS is, thus, lower than the EM emis-
sion exposure from the macrocell BS. However, DAS is likely to increase the
downlink EM emission exposure levels because of the large-scale deployment
of antenna heads in the network.
Heterogeneous networks (HetNets): As mentioned earlier, macrocells
are effective in providing wide coverage, especially for moving mobile termi-
nals but are less efficient in the provision of high area spectral efficiency [8].
For users farther away from the BS, particularly cell-edge users, more power
is required to achieve and maintain an acceptable quality of service (QoS).
The heterogeneous network (HetNet) architecture has been proposed to ad-
dress this problem. A HetNet comprises of low-cost, low-power small-cell
BSs or relay nodes (RNs) overlaid on a macrocell to improve coverage and
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increase capacity in very dense areas of the network with higher data rate
demands [9, 10]. The low-power nodes used in HetNets are mostly, pico-
cells, femtocells and relay stations. Picocells are low transmit power BSs
with omnidirectional antennas (250 mW to 2 W) that are suitable for indoor
or outdoor deployment [11]. The authors in [12] have shown that joint de-
ployment of macrocells and picocells in urban areas could reduce the total
energy consumption of the network by up to 60%. Due to the short com-
munication link associated with HetNets, there is a significant reduction in
transmit power in both the uplink and downlink scenarios. Certainly, EM
emission exposure in the uplink of a small-cell network is significantly lower
as the mobile user is closer to the small-cell BS and hence, requires a lower
transmit power. Small-cell BSs, such as femtocells, and mobile phones have
similar transmit powers [11], which leads to significant reduction of downlink
EM emission exposure. However, the increase in the sources of EM radiation
could imply higher EM emission exposure in the downlink.
1.2.2 Location of the user relative to the BS
The position of a user relative to the BS considerably affects the level of EM
emission towards the user. The EM radiation from a BS antenna decreases
according to the inverse square law, i.e. 1/(distance)2, inside the main beam.
However, it is considerably lower outside the main lobe of the BS antenna
and, thus, the inverse square law does not always apply. EM emission is usu-
ally low at distances very close to a BS antenna on a tower, but it gradually
increases with distance in the direction of the main beam. This is because
6
15 – 50 m
5 – 10 0
Base
Station
Figure 1.1: Direction of the main lobe of radiation from a BS antenna.
the BS antenna is directed towards the horizon and the energy received is
maximum where the main beam of the BS hits the ground, usually between
50 m - 300 m, depending on the BS height as shown in Fig. 1.1. The pres-
ence of obstacles such as buildings, hills and trees, among others, results in a
further decrease in EM emission exposure due to attenuation and reflection.
Hence, a more realistic decrease in power density by 1/(distance)3.5 has been
presented in [13] for BS EM emission calculations in urban areas. In places
with high population density and data traffic, the cell radii of the BSs are
usually smaller and EM emission exposure is also higher due to more BSs,
when compared to rural areas. This results in difference in the measurement
of EM emission exposure in different areas [14].
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1.2.3 Duration of exposure
The EM emission exposure dose decreases by reducing the duration of EM
emission exposure. The authors in [15] have asserted that the duration of
exposure to EM emission from a typical GSM mobile phone has an effect on
the cognitive behaviour of humans. It has been shown in [16] that an increase
in body temperature of up to 0.5◦C was recorded when exposed to a SAR
of 4 W/kg for 20 to 30 minutes. However, this increase in temperature is
within the thermoregulatory limits of humans. Additionally, the EM emission
exposure limit of mobile phones is well below this value [17,18].
1.3 Motivation and Objectives
Concerns about the negative health effects due to exposure to EM emission
from mobile systems have been around for years. However, there have been
very few works providing an in-depth analysis of the sources of EM emission
from mobile communication systems, regulatory guidelines/exposure limits
and possible ways of minimizing EM emission exposure from these systems.
Although there is no evidence linking short-term exposure to EM emis-
sion from mobile communication systems with any adverse health effects,
the international agency for research on cancer (IARC) has concluded that
EM radiation is possibly carcinogenic and categorized it as Group 2B - a
group reserved for systems that have limited evidence of carcinogenicity in
humans [19]. Whereas long-term effects of exposure to EM emission on hu-
mans are starting to be unveiled; for instance, it has been recently shown
in [3] that heavy users of wireless phones, over a period of more than 25
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years, are three times more likely to develop a brain tumour. Thus, in order
to cope with the concerns of the general public, the European Environmen-
tal Agency (EEA) has recommended non-technical precautionary approaches
to minimize exposure to EM emission [20]. However, these growing concerns
should not only be dealt with recommendations or regulations but with smart
technical solutions, as proposed in this thesis.
The objectives of this thesis are
• To perform a thorough survey of the sources of EM emission from
mobile communication systems by analysing the dosimetry, metrics,
guidelines/limits of exposure to EM emission, and also point out pos-
sible techniques for minimizing EM emission in mobile communication
systems.
• To minimize the EM emission in the uplink of cellular systems by per-
forming a three-dimensional resource allocation over frequency, power
and time, while achieving a QoS target.
1.4 Overview of Contributions
The main contributions of this thesis can be summarized as follows
1. A comprehensive survey of existing literature on EM emission exposure
and also a tutorial on the dosimetry, metrics and guidelines/limits on
the exposure to EM emission in mobile communication systems have
been performed. Based on this survey and given that exposure to EM
emission is closely linked with the SAR and transmit power/energy,
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this thesis identifies promising techniques for reducing exposure to EM
emission in mobile communication systems by exploring known con-
cepts related to SAR and transmit power reduction of mobile systems.
Thus, this thesis serves as an introductory guide for EM emission ex-
posure in mobile communication systems and provides insights towards
the design of future mobile communication networks with low EM emis-
sion.
2. Resource allocation for EM emission reduction in the uplink of sin-
gle cell OFDMA systems is investigated. Exposure to EM emission
in the uplink is first modelled and then a three-dimensional resource
allocation (over frequency, power and time) is performed to minimize
it. Two schedulers are proposed by taking into account the signalling
power, QoS target as well as the data transmission power of each user
in the network to provide a detailed analysis of EM emission minimiza-
tion in the uplink of OFDMA systems. An oﬄine scheme is proposed
to minimize the total EM emission subject to each user transmitting a
target number of bits (QoS target) over a given transmission window
and the power constraint in each time slot. This relies on the avail-
ability of long-term channel state information (CSI) of all the users in
the network. The second algorithm is called the online scheme and it
is based on instantaneous resource allocation in each time slot. The
scheme minimizes the transmission energy per bit of each user subject
to achieving a target number of bits. The performances of the pro-
posed schemes are compared against EE and SE based approaches and
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the results show that the proposed schemes outperform the benchmark
approaches by over 2 orders of magnitude.
3. In the multicell scenario, the oﬄine approach is extended to minimize
EM emission in the uplink of OFDMA systems. A novel subcarrier
allocation is proposed whereby the users of different sectors are first
grouped together and then the same set of subcarriers are allocated
to the users belonging to the same group. Two power allocation algo-
rithms are proposed to minimize EM emission. The first power alloca-
tion algorithm performs multicell iterative optimization to obtain the
optimal transmit power of each user to minimize EM emission. Con-
versely, the second power allocation scheme uses the average channel
gains of the users of each group to obtain the approximate transmit
powers of each user to minimize EM emission. This approach simpli-
fies the power allocation since there is no need for multicell iterative
optimization. Given that this technique provides an approximation of
the transmit powers, some users might not satisfy the QoS constraint.
In order to ensure compliance, the approximate transmit power can be
used as a starting point for multicell iterative power update to fine-
tune the transmit powers of the users to satisfy the QoS constraint.
Simulation results show the effectiveness of the proposed scheme that
also significantly outperforms existing scheduling schemes in terms of
EM emission reduction.
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1.5 Thesis Outline
The rest of this thesis is organized as follows:
Chapter 2 compiles the most interesting results and ideas related to EM
emission exposure in mobile communication systems and presents promising
techniques for reducing it. An in-depth survey and tutorial on the sources,
metrics, EM index and guidelines/limits of EM emission exposure from mo-
bile communication systems is performed. Parts of the work undertaken in
this chapter have been published in [21].
Chapter 3 describes EM emission reduction in the uplink of single cell
OFDMA systems. Firstly, EM emission in the uplink of a single cell OFDMA
network is modelled and then two three-dimensional resource allocation schemes
to minimize EM emission are presented. The schemes are compared against
EE and SE based schemes and the simulation results are discussed. The work
done in this chapter has been published in [22,23].
In Chapter 4, a novel scheme for minimizing EM emission in the up-
link of multicell systems is proposed. The system model of the coordinated
OFDMA uplink is described and the EM emission minimization problem is
formulated. The proposed scheme is evaluated by comparing it against other
schemes for different network settings and the simulation results are analysed
and discussed. The work done in this chapter has resulted in the following
publications [24,25].
Chapter 5 provides the conclusion. It summarizes the major findings
of this thesis and proposes possible future directions to improve the perfor-
mances of the proposed techniques.
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Chapter 2
Background and State of the
Art
This chapter provides an overview of EM exposure from mobile systems. EM
radiation in the RF spectrum range is first described and then established
EM radiation metrics as well as the recent EM exposure index are presented.
Subsequently, internationally defined EM exposure guidelines and limits are
presented. Finally, promising techniques to reduce EM exposure from mobile
systems are discussed. Parts of the work in this chapter have been published
in [21].
2.1 EM radiation and RF communication spec-
trum range
The RF spectrum is part of the EM spectrum, which is a broad range of
EM fields between low frequency and optical EM waves. The RF spectrum
starts from a few MHz to several GHz and it is used for broadcasting and
telecommunications. In mobile telephony, the 2G, 3G and 4G systems op-
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Figure 2.1: Electromagnetic Spectrum
erate between frequency range of 900 MHz to 2600 MHz. The international
telecommunications union (ITU), in collaboration with relevant national reg-
ulatory bodies, deals with the allocation of different frequencies. EM radi-
ation is classified into ionizing and non-ionizing radiation [26], as shown in
Fig. 2.1. Ionizing radiation refers to EM radiation with enough energy to
knock off tightly bound electrons from the orbit of an atom, rendering the
atom ionized. Non-ionizing radiation, on the other hand, does not have suf-
ficient energy to ionize atoms. However, it possesses enough energy to excite
electrons, thus, pushing them into a higher energy state. This thesis deals
with non-ionizing radiation, given that RF waves fall in this category.
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2.2 EM radiation metrics
Two operating regions have been established for all antennas based on the
relationship between the electric and magnetic fields, as well as the distance
from the antenna; they are: the near-field and the far-field. The EM charac-
teristics of an antenna in the near and far-fields behave differently in terms
of their radiation pattern and decay. Hence, the EM radiation of an antenna
is evaluated by using two different metrics. The SAR is usually considered
in the near-field, while power density is used for measuring the EM radiation
in the far-field.
Given that mobile phones usually operate with low power but very close
to the human body, while the BS transmits moderate to high power over
long distances (the public being always kept at a safe distance from the BS),
near and far-fields EM emissions will mainly impact the uplink and down-
link scenarios of mobile communication systems, respectively. Indeed, SAR
and power density metrics are usually considered in the literature (e.g., [27]
and [28]) for characterizing the uplink and downlink EM emission exposure,
respectively.
2.2.1 Near-Field and Specific Absorption Rate
The area closer to the antenna is known as the near-field region and it is
further divided into two areas; the reactive and radiative areas, as shown in
Fig. 2.2. The reactive near-field region begins from the antenna up to the
distance λ/2pi, where λ is the wavelength. The electric and magnetic fields
are difficult to characterize in the reactive area. As such, an independent
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evaluation of these two quantities is usually performed. The energy dissipated
within the reactive near-field region could easily be absorbed by the human
body, thus, it constitutes the major factor of EM exposure in the near-
field [29]. EM fields begin to radiate in the radiative area, which spans both
the near and far-field regions.
EM exposure in the near-field of an antenna is measured by using the
SAR metric and it is averaged over time (minutes). SAR, given in Watts
per kilogramme of body weight (W/kg), is a measure of the rate at which
the body absorbs energy when exposed to EM radiation. Given that EM
exposure from mobile devices usually occurs in the near-field, because these
devices operate close to the human body, SAR makes an appropriate candi-
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date for evaluating such exposure. The instantaneous EM exposure in the
near-field is given as SAR×time, expressed in J/kg. SAR is mathematically
expressed as
SAR =
δ
δt
(
δEˆ
δmˆ
)
=
δ
δt
(
δEˆ
ρˆδVˆ
)
(2.1)
where Eˆ, mˆ, Vˆ and ρˆ represent the energy absorbed by the body, mass, vol-
ume and density of the body, respectively [30].
The SAR metric is further subdivided into three groups due to the differ-
ence in the rate of absorption of different body parts, namely: whole-body
averaged SAR, organ-specific averaged SAR and peak-spatial averaged SAR.
Whole-body averaged SAR (wbaSAR)
This refers to the ratio of the total power absorbed in the body to the mass
of the whole body. It is used as the reference for EM radiation measurements
[18]. For regulatory compliance, the wbaSAR is averaged over a period of 6
minutes. The wbaSAR can be expressed as:
wbaSAR =
1
Mˆ
∫
Rˆ
SARδmˆ =
1
Mˆ
∫
Rˆ
σ¯|E¯|2δVˆ (2.2)
where Mˆ, Rˆ, σ¯, E¯ and Vˆ denote the total mass of the body, the region of the
body, electrical conductivity, root mean square electric field and the total
tissue volume of the body model [30].
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Organ-specific averaged SAR (osaSAR)
This is defined as the mass average of the SAR in a specific organ or tissue
in the body. The osaSAR portrays how EM fields are absorbed by specific
parts of the body. The osaSAR is given as:
osaSAR =
1
Mˆorgan
∫
organ
SARδmˆ =
1
Mˆorgan
∫
organ
σ¯|E¯|2δVˆ (2.3)
where Mˆorgan denotes the mass of the organ or tissue under consideration [30].
Peak-spatial averaged SAR (psaSAR)
This is defined as the maximum local SAR averaged over a specific mass of
tissue, usually 10 g, over a period of 6 minutes [30].
The SAR of all mobile devices is measured for regulatory compliance
before authorization for use [31]. A typical SAR measurement involves spe-
cialized laboratory equipment, mannequins, electrolytes and the device being
measured transmitting at full power while a robot probe scans for SAR mea-
surement.
2.2.2 Far-Field and Power Density
The far-field of an antenna characterizes radio waves which propagate with
the speed of light. The electric and magnetic field components are closely
related to each other and, as such, only one of the quantities needs to be
evaluated. The far-field region begins at a distance greater than 2Dˇ2/λ
from the transmitting antenna, as shown in Fig. 2.2, where Dˇ is the largest
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dimension of the antenna (length, width or diameter of the antenna). This
distance is referred to as the Fraunhofer distance [32].
EM exposure in the far-field is usually evaluated in terms of power den-
sity, measured in W/m2. Power density is defined as the power per unit
area normal to the direction of propagation. Given the simple relationship
between the electric and magnetic fields in this region, the power density can
be expressed based on electric field only through the characteristic impedance
as
S0 = E0H0 =
E20
Z0
=
E20
377
, (2.4)
where E0 and H0 denote the electric and magnetic fields, while Z0 represents
the characteristic impedance [18].
2.3 EM Exposure Index
In order to provide a comprehensive assessment of EM exposure from wireless
communication systems, the low EMF exposure networks (LEXNET) project
proposed a new exposure metric called Exposure Index (EI) [33]. The EI
evaluates the average EM exposure of a geographical area induced by both
the total uplink and downlink emissions. The EI is a single parameter that is
easier to understand and is reflective of the real network parameters. The EI
takes into account the different sources of EM exposure from different wireless
communication systems, including radio and TV transmitters, duration of
EM exposure of the population, mobile usage pattern and posture, among
others.
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The EI is mathematically defined as
EI =
1
T
Nt∑
t
Npˇ∑
pˇ
Neˇ∑
eˇ
Nrˇ∑
rˇ
Nuˇ∑
uˇ
Ncˇ∑
cˇ
Np˙∑
p˙
f?
[ Nu˙∑
u˙
TUL? P¯TX(SAR
UL)
P refTX
+
TDL? S¯RX(SAR
DL)
SrefRX
]
,
(2.5)
where T,Nt, Npˇ, Neˇ, Nrˇ, Nuˇ, Ncˇ, Np˙ and Nu˙ denote the time frame, number
of periods considered within the time frame, population categories, environ-
ments, radio access technologies, user load profiles, cell types, user postures
and usage modes, respectively. The parameter f? represents the fraction of
the population that belongs to population category pˇ, in environment eˇ, us-
ing radio access technology rˇ, with user load profile uˇ in posture p˙. The
parameters TUL? and SAR
UL give the uplink time duration and SAR of the
population belonging to f?, with T
DL
? and SAR
DL denoting their downlink
values. Furthermore, P¯TX denotes the mean user transmitted power during
period t, usage mode uˇ in environment eˇ when connected to radio access
technology rˇ, while S¯TX represents the mean incident power density to the
human body at period t, in environment eˇ when connected to radio access
technology rˇ. The normalized incident emitted power and the normalized
received power density are denoted as P refTX and S
ref
RX , respectively [33].
2.4 EM Exposure Guidelines and Limits
In this section, the dosimetry, guidelines and limits on EM exposure from
wireless communication systems are described.
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2.4.1 Dosimetry of EM radiation exposure
The dosimetry of EM exposure is defined as the evaluation of the rate at
which energy is absorbed in the human body when exposed to EM emission
over time [34]. The thermal effect is the chief mechanism that is used to
assess the biological and health effects of exposure to EM emission because
there is an increase in body temperature when the body is exposed to EM
radiation for periods longer than 6 minutes [18].
The dosimetry of EM radiation exposure can be classified into physical
and numerical methods.
• Physical model: In this method, a phantom is used to simulate SAR
or current density in the body because it is very difficult to do so
in a human body, especially using non-invasive methods. Liquid or gel
phantoms are popularly used to evaluate the dosimetry of EM exposure
since the materials are easier to prepare and their electrical properties
can be easily adjusted to simulate the human body.
• Numerical model: This method involves theoretical calculation of the
dosimetry of EM exposure. The finite-difference-time-domain (FDTD)
method [35] is presently the most recognized method of SAR calculation
[34]. It is based on the discretisation of Maxwell’s equations. FDTD
calculation uses a voxel, which is a three-dimensional computer modell
that corresponds to certain tissues or organs, when similar permittivity
and conductivity are assigned.
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2.4.2 EM Exposure Limits
The International Commission on Non-Ionizing Radiation Protection (IC-
NIRP), in their reports [18] and [34], have issued limits on the maximum
permissible exposure of people to EM radiation between the 100 kHz to 300
GHz frequency range. The limits cover both occupational (EM exposure to
adults who are trained and aware of the consequences of such exposure) and
public exposures (the general public consisting of people of all ages). This
was done based on laboratory and epidemiological studies. Usually, mem-
bers of the public are not aware of the dangers of exposure to EM emissions
and do not take the necessary precautions to minimize the effects. Hence,
the limits for public exposure are lower when compared to occupational ex-
posure. EM exposure limits in [18] were issued in terms of SAR (averaged
over t = 6 minutes) and power density (averaged over any 20 cm2 exposed
area and t = 68/f 1.05 minutes, where f denotes the frequency), for various
frequency ranges. In the 10 MHz - 10 GHz frequency range (where mobile
communication systems fall), the ICNIRP recommended a wbaSAR limit of
0.4 W/kg and 0.08 W/kg, for occupational and public exposures, respec-
tively. In terms of power density, limits were set at 50 W/m2 and 10 W/m2
for occupational and public exposures, respectively. Studies on human vol-
unteers showed some evidence of insignificant changes in brain activity from
exposure to radiation from GSM-type mobile phones was reported in [34].
Although no changes were observed in cognitive behaviour of the volunteers,
some subjective symptoms like headaches were reported among the volun-
teers. It is worth noting that the EU has adopted the ICNIRP limits on
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Table 2.1: ICNIRP SAR Exposure Limits
Public Occupational
Whole-body (W/kg) 0.08 0.4
Localized head/trunk (W/kg) 2 10
Localized limbs (W/kg) 4 20
Table 2.2: ICNIRP Power Density Exposure Limits
Power Density (W/m2)
Public 10
Occupational 50
EM emission exposure and all member countries have agreed, in principle,
to incorporate these limits in their respective national regulatory guidelines.
Tables 2.1 and 2.2 summarize the ICNIRP SAR and power density exposure
limits, respectively.
The National Radiological Protection Board (NRPB) of the UK has is-
sued national limits on exposure to EM radiation from mobile communication
systems in its reports [36–38]. The reports were based on extensive review
of scientific studies carried out on the effects of exposure to EM radiation.
These guidelines have since been adopted and implemented by the UK gov-
ernment. The NRPB reports were based on the possibility of illness or injury
due to exposure to EM radiation through the heating of body tissues. Phys-
ical quantities like SAR, electric field strength, magnetic field strength and
power density were used to specify EM radiation exposure. The NRPB rec-
ommended a SAR limit of 0.4 W/kg for whole body exposure over a period
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Table 2.3: NRPB SAR Exposure Limits
Public Occupational
Whole-body (W/kg) 0.1 0.4
Localized (W/kg) 2 10
of 15 minutes for occupational exposure and 0.1 W/kg for general public
exposure, in the frequency range of 10 MHz - 10 GHz. In terms of power
density limits, the NRPB set limits at 26 W/m2 - 33 W/m2 and 100 W/m2
for the 800 MHz - 900 MHz and 1550 MHz - 3000 MHz frequency ranges,
respectively [37]. After an extensive analysis of scientific studies on the ef-
fects of EM exposure, the NRPB has asserted that EM exposure from mobile
systems is not carcinogenic to humans [38]. However, these studies remain
inconclusive, as they do not explore the long-term effects of such exposure.
Table 2.3 gives the NRPB SAR exposure limits.
2.4.3 Precautionary Principle
Due to the uncertainties regarding the effects of exposure to EM radia-
tion, the World Health Organization (WHO) has advised and encouraged
the adoption of the precautionary principle as a proactive approach to mini-
mize the health hazards associated with exposure to EM radiation [39]. The
precautionary principle stresses the need for the adoption of simple, low-
cost measures to minimize EM exposure, even in the absence of established
risks. These measures include the use of hands-free devices while using mo-
bile phones, limiting the usage of mobile phones especially among children,
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adoption of alternatives to wireless technology for voice and data transmis-
sions and embracing mobile communication systems with low levels of EM
emission, among others [40–42].
2.4.4 EM Radiation Exclusion Zones
As a precautionary approach, EM radiation exclusion zones have been intro-
duced within the vicinity of BSs with the purpose of reducing exposure since
EM exposure reduces with distance. The EM exclusion zone boundary is cal-
culated based on the EM radiation levels measured from the BS transmitter.
Distances at which the EM radiation levels are above the exposure limits are
confined within the exclusion zone [43]. Distances outside the EM radiation
exclusion zone are expected to be below the EM radiation limits and, there-
fore, pose no health risks to the general public. The Agence Nationale des
Fre´quences (ANFR), based on ICNIRP recommendations, has proposed safe
distances for EM exposure to persons from radio systems for different config-
urations of antennas and BS installations [44]. Given that children are more
vulnerable to negative effects of exposure to EM radiation, the Independent
Expert Group on Mobile Phones (IEGMP), based on NRPB findings, has
suggested that in cases where a BS has to be sited near or within the vicinity
of a school, the maximum RF intensity from the BS should not be allowed
to fall anywhere within the school grounds [45].
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2.5 Promising Techniques for EM Emission
Reduction
The concerns and uncertainties regarding the adverse health effects of ex-
posure to EM emission from mobile communication systems are pointers for
the need to investigate techniques for reducing EM emission from such sys-
tems. Given the simple relationship between transmit power, SAR and EM
emission exposure, some wireless communication techniques that have been
proven to reduce the SAR, transmitted energy or transmit power of mobile
communication systems (and EM emission exposure levels, accordingly) are
identified and described in the following.
2.5.1 Radio Resource Allocation
Radio resource allocation (RRA) generally refers to techniques that are used
to assign radio resources such as time, frequency, code or power to users.
It covers all aspects related to assigning and the sharing of radio resources
among the users of wireless communication systems. RRA largely depends
on the type of multiple access technology, such as time division multiple
access (TDMA), frequency division multiple access (FDMA), code division
multiple access (CDMA) and OFDMA, employed by the network. Multiple
access techniques determine how multiple users simultaneously share a finite
amount of network resources. In FDMA systems, frequency is divided in
to slots and each user is assigned one or more slots of frequency within the
same time duration, depending on the users’ demands. TDMA systems,
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however, separate the users in time by allocating time slots to them. Each
user is allowed to access the whole frequency for the duration of its time slot.
While CDMA systems allow multiple users to share the same frequency and
time resources. This is achieved by assigning each user to a unique code for
separation. OFDMA refers to the multiple access of orthogonal frequency
division multiplexing (OFDM) - a multicarrier modulation method whereby
a wideband frequency-selective channel is divided into multiple narrowband
flat fading channels. Thus, OFDMA allows multiple users to access a given
bandwidth through the use of subcarriers. The algorithms that have been
proposed for OFDMA systems can easily be generalized to other multiple
access techniques. Furthermore, given that uplink EM exposure is more
severe, this section will focus on RRA in the uplink of OFDMA systems.
Most of the existing techniques that have been proposed for OFDMA
systems can be classified in two categories; margin adaptive [46,47] and rate-
adaptive [48–50]. Margin adaptive RRA minimizes the total transmit power
with constraints on user data rates or BER. On the other hand, rate-adaptive
RRA seeks to maximize system capacity subject to a total transmit power
constraint.
Problem formulation
The general format of the radio resource allocation problem is given as
max
αk,n,pk,n
K∑
k
N∑
n
Rk,n, (2.6)
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min
αk,n,pk,n
K∑
k
N∑
n
Pk,n, (2.7)
subject to
C1 : αk,n ∈ {0, 1}, ∀k, n, (2.8a)
C2 :
N∑
n
αk,n ≤ 1, ∀n, (2.8b)
C3 : Pk,n ≥ 0, ∀k, n, (2.8c)
C4 :
N∑
n
αk,nPk,n ≤ Pmaxk , ∀k, (2.8d)
C5 : Other constraints, (2.8e)
where Rk,n and Pk,n denote the achievable rate and transmit power, respec-
tively, of user k on subcarrier n, while αk,n represents the subcarrier allo-
cation index of user k on subcarrier n such that αk,n = 1 if subcarrier n is
allocated to user k and αk,n = 0, otherwise. The parameter P
max
k represents
the maximum transmit power of user k. Constraints C1 and C2 ensure the
exclusivity of subcarrier allocation to the users. Constraint C3 upholds the
physical property of power, i.e. power cannot be negative. Constraint C4
deals with satisfying the maximum available transmit power of each user.
Other constraints such as QoS, BER, fairness etc, can be included in the
optimization problem.
The optimization problem above is a combinatorial one due to αk,n, which
makes it computationally complex to solve and impractical for real life sce-
narios, especially for a large number of subcarrier and users. One approach
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to solve the problem is by relaxing the binary variable to take any real value
within the interval [0,1] to make the problem tractable. The subcarrier allo-
cation constraint (2.8a) can be replaced with
αk,n ≥ 0, ∀k, n. (2.9)
The resulting problem is now convex and holds no duality gap [51]. Unfor-
tunately, this approach is impractical in real systems because users cannot
share the same subcarrier in the frequency domain. In the time domain, the
authors of [52, 53] have shown that when the number of subcarriers reaches
infinity, multiuser resource allocation problems exhibit a time sharing prop-
erty and the optimal solution can be obtained by using dual decomposition.
However, the complexity associated with dual decomposition techniques is
too high for practical systems.
The impracticality of optimal RRA in the uplink of OFDMA systems due
to the high computational complexity has led to sub-optimal algorithms be-
ing proposed to solve the problem by relaxing some constraints to make the
problem easier, or breaking the original problem into solvable sub-problems.
A popular approach to solving this problem is by studying the optimal solu-
tion and then designing sub-optimal schemes based on the structure of the
optimal solution [50, 54]. In [54], the relaxed problem was first solved itera-
tively by using the decomposition method to allow users to share a subcarrier
and then a sub-optimal solution was designed based on the optimal iterative
algorithm to allocate a subcarrier to the user with the highest share of that
subcarrier. The sub-optimal solution provides a significant reduction in the
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number of iterations needed for the algorithm to converge. Other sub-optimal
solutions proposed are solely based on heuristic approaches [49, 55,56].
Game Theory has also been exploited to solve the optimization problem.
Nash Bargaining [57–59] and the Auction Method [60–62] are the most com-
mon Game Theory approaches used for solving the problem especially in the
multicell context where there is interference from neighbouring cells, given
that the number of subcarriers is limited and have to be shared by users of
different cells.
RRA in the uplink of OFDMA systems has been very well investigated
but mainly for SE improvement [48–50] and, recently, EE [63,64]. In order to
improve the system performance, subcarrier allocation determines which user
transmits at any given instance and on which subcarrier, while power alloca-
tion gives the transmit power of the user on its allocated subcarrier, subject
to meeting specified constraints. Given that uplink EM emission is propor-
tional to the amount of energy (power over time) dissipated towards the
user, it means that three-dimensional RRA (frequency, power and time) are
appropriate techniques for minimizing EM emission in the uplink of OFDM
wireless communication systems, while maintaining a desired QoS [22,65].
2.5.2 SAR Shielding
This technique involves the use of a ferrite material or metamaterial shield
between the mobile phone and the user’s head to reduce SAR. Ferrite mate-
rials have very low conductivity and this results in smaller induced currents
when exposed to EM waves [66]; hence, they null the magnetic field part of
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an incident EM wave [67]. A metamaterial, however, is an artificial material
with negative permittivity and/or permeability, and it is based on the special
resonant characteristics of a single cell [68].
A SAR reduction of 47.68% over 1 gram of tissue has been reported
in [69] when a ferrite material is used between the mobile phone and human
head model. Furthermore, the authors in [70] have reported that the use of
metamaterials can reduce SAR by at least 27% and 52%, at 900 MHz and
1800 MHz, respectively, over 1 gram of tissue. It has been asserted in [68]
that the cost and form factor implications of using ferrite materials are quite
high. This is in contrast to metamaterials that are cheaper and easier to
implement. However, more research is needed to produce metamaterials
that are capable of supporting wideband communications and also improve
the form-factor of metamaterials [68].
2.5.3 Beamforming
Cellular communication systems commonly use omnidirectional antennas be-
cause the network has no knowledge about the location of the user nor the
condition of the environment. Hence, the antenna transmits with maximum
power in all directions so as to provide as much coverage as possible and
overcome the effects of channel conditions [71]. Unfortunately, this leads to
wastage of power and unnecessary interference. In order to address this, sec-
torised antennas were introduced, whereby a conventional cell is subdivided
into sectors, each containing a directional antenna co-located at the same BS
site [72]. Each sector is considered to be a single cell and, as such, has a
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significantly greater coverage since the transmit power of the BS is focused
over a smaller area. Although sectorisation minimizes co-channel interfer-
ence when compared to the traditional cell with an omnidirectional antenna,
it does not mitigate other-cell interference (OCI) from neighbouring cells.
Adaptive/smart antennas are presently the most state of the art antenna
technology available. An adaptive/smart antenna consists of an array of
antennas that form a beam pattern towards the desired destination (or user)
and could be used for transmission and/or reception [71–73]. Thus, the
technique of using antenna arrays to focus the radiated power of an antenna
in a specific direction is known as beamforming. Beamforming works by
multiplying each user’s signal by complex “weights” in order to adjust the
magnitude and phase of the signal in the desired direction. Beamforming uses
digital signal processing (DSP) algorithms to track the user’s precise location
thereby maximizing the received signal power in the desired direction and at
the same time reducing interference, transmit power and consequently EM
exposure [74–76].
Beamforming techniques are grouped into two categories based on the
weight calculation and selection, namely: switched beamforming and adaptive
array beamforming [73], [77].
Switched beamforming
Switched beamforming consists of beams that have been formed in prede-
termined directions based on a collection of complex weights. The antenna
switches between the fixed beams by using the received signal strength mea-
surements and it chooses the one that is best aligned with the desired desti-
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Figure 2.3: Switched beam pattern.
nation.
Conventional switched beamforming antennas consists of several beams
facing different directions and they are formed by using a phase shifting
network. Although the switched beamforming antenna is easy to implement,
it could result in higher interference levels in cases where the interfering
user is located close to the desired user. Furthermore, the performance of
a switched beamforming system is degraded when the desired user is not
situated at the centre of the beam. Additionally, switched beamforming
antennas could easily switch their beams in the direction of multipath signals
and away from the desired user because they do not have the ability to
distinguish between multipath interference signals and the desired signals
[72]. This could lead to EM exposure to the wrong user(s). An illustration
of the switched beamforming antenna pattern is depicted in Fig. 2.3.
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Figure 2.4: Adaptive antenna system beam formation.
Adaptive array beamforming
Adaptive array antennas are currently the most advanced form of smart an-
tenna technology and they take advantage of sophisticated DSP techniques
to accurately locate and track different signals to minimize interference and
maximize the signal to interference plus noise ratio (SINR) at the desired des-
tination. The antenna weights in this system are computed in real time and
the signal is maximized by forming a narrow beam in the desired direction
and placing nulls in undesired directions [71,73], as shown in Fig. 2.4. Unlike
the switched beamforming system, adaptive array systems can efficiently dif-
ferentiate between desired, multipath and interfering signals. Thus, antenna
weight calculation is done by tracking the changes in the location of both the
desired and interfering signals [72]. A class of the adaptive antenna technique
that has the capability of adjusting its antenna pattern based on changes in
channel conditions in order to improve the SINR of a desired signal is known
as digital beamforming [71].
36
The EM emission effects of beamforming on the human head has been
studied and modelled in [78] and [79] by changing the distance of the antenna
elements from the head. In [80], the authors examined the use of beamform-
ing for reducing SAR. This was done by placing nulls in the direction of the
head which minimized the EM radiation absorbed by the head. Their results
showed a reduction in the peak SAR of at least 10 dB. A low complexity
SAR-aware optimal beamformer has been proposed in [81] to minimize EM
radiation exposure from mobile terminals. The beamformer was based on the
authors’ SAR model for multi-antenna devices proposed in [82] to maximize
the signal to noise ratio (SNR), with SAR and transmit power constraints.
The authors showed that for the same SAR value, their beamformer has
an SNR gain of up to 4 dB over the traditional back-off approach at high
transmit power.
Based on the various works on beamforming described, the idea of focus-
ing signals towards desired users can be harnessed to minimize EM radiation
towards unintended users. Furthermore, by incorporating an EM radiation
exposure constraint in its optimization process, beamforming could be used
to considerably minimize EM radiation exposure levels system, both in the
uplink and downlink directions.
2.5.4 Coordinated Multipoint (CoMP)
Coordinated multi-point (CoMP) can be defined as the dynamic coordi-
nation among multiple geographically separated transmission or reception
points [83]. The idea of CoMP is that multiple coordinating points cooperate
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with one another such that interference is mitigated or even harnessed it to
improve the SE or EE of the network [84,85]. CoMP can also be considered as
a means of increasing the network coverage and improving cell-edge through-
put where neighbouring BSs coordinate their transmissions/receptions to re-
duce intercell interference [86–88]. In order for CoMP to work, the informa-
tion for scheduling has to be available at all the participating BSs, which
could be performed via very low latency links (in milliseconds). Depend-
ing on how the information is exchanged between the participating nodes,
CoMP can be grouped into two classes; joint processing and coordinated
scheduling/beamforming [89].
Joint Processing
In this approach, a central unit stores the CSI of all the users in the CoMP
network which it uses to perform user scheduling and signal processing. Each
user measures the CSI between itself and all the participating CoMP BSs and
forwards it to the central unit via its serving BS [86]. It implies that the CSI
of all the users within the CoMP system is available at the central unit,
which is vital for scheduling and the design of transmission parameters such
as precoding matrices. Afterwards, the central unit forwards this information
to all the participating BSs in the CoMP network. The data intended for a
single user is jointly transmitted by multiple BSs (in the downlink) or from
the user to multiple BSs (in the uplink) to mitigate interference and improve
the received signal quality. However, a major disadvantage of this technique
is the requirement for high capacity links between each coordinating BS and
the central unit [89]. Fig. 2.5 depicts the joint processing architecture.
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Figure 2.5: Joint processing architecture.
Coordinated Scheduling/Beamforming
Unlike in joint processing, this architecture does not have the requirement
for a central unit or very low latency links. It is, however, assumed that all
the participating BSs have identical schedulers and that the CSI is available
at all coordinating nodes. Each user measures the CSI between itself and
all the cooperating BSs (like in the joint processing architecture) and feeds
it back to its respective BS over the wireless channel, as shown in Fig. 2.6.
Hence, each BS has knowledge of the CSI between itself and all the users in
the network, which it uses to perform independent scheduling. This approach
eliminates the infrastructure costs and signalling complexity associated with
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Figure 2.6: Coordinated scheduling/beamforming architecture.
the central unit [89]. Additionally, this architecture has a reduced need for
very high capacity links since only information for scheduling/beamforming
is required to be shared among the coordinating BSs [83,86], but no data is
shared. However, the main disadvantage of this architecture is the handling
of errors on the different feedback links. In contrast to the joint processing
approach which involves a single link for feedback transmission, the number
of feedback links in the decentralized approach is equal to the number of
coordinating BSs. Furthermore, it is obvious that each of these links would
have a different error pattern [86].
Cell-edge transmissions typically involve the use of higher transmit pow-
ers in order to overcome the issues of OCI and path-loss, which leads to higher
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EM emission exposure levels. However, by employing CoMP, the transmis-
sion power could be lowered through simultaneous transmission/reception
by neighbouring BSs, which could result in a reduction of EM emission. By
incorporating an EM emission criterion into joint resource allocation with
CoMP, EM emission exposure levels in multicell systems could be minimized.
Furthermore, the central unit in CoMP could advice each coordinating node
on their transmit power requirements, based on their channel conditions, to
minimize the EM emission level in the network, while maintaining set SINR
thresholds.
2.5.5 Massive MIMO
Massive MIMO, also referred to as very large MIMO, is a new technology
where a BS that is equipped with a large number of antennas, usually an
order of magnitude more than current MIMO systems have, simultaneously
serves far fewer mobile users than the number of antennas at the massive
MIMO BS on the same time-frequency resource. Each antenna of the massive
MIMO system uses a considerably low power such that the power per antenna
is inversely proportional to the number of antennas at the massive MIMO
BS [90]. The large number of antennas lowers the transmit power of the
massive MIMO BS which could result in reduced EM emission exposure
levels [91–94]. Figure 2.7 depicts the concept of massive MIMO.
Massive MIMO employs spatial multiplexing, which relies on perfect CSI
knowledge in both the uplink and downlink directions. Mobile users in the
uplink send pilot signals to the massive MIMO BS which it uses to estimate
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Figure 2.7: Illustration of a massive MIMO cell with a large number of
antennas at the BS.
the CSI between itself and the mobile user. However, in the downlink, using
this approach could be computationally demanding because each user would
have to estimate the CSI between itself and each antenna at the massive
MIMO system and then feed it back to the BS. The complexity of this ap-
proach increases with the number of antennas at the massive MIMO BS. A
solution to this problem is to operate massive MIMO systems in the time
division duplex (TDD) mode. It uses the reciprocity between the uplink and
downlink channels and, as such, the BS can estimate the downlink CSI by
using the uplink pilots [91].
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It has been asserted in [90] that massive MIMO has the potential of sig-
nificantly improving SE and EE through aggressive spatial multiplexing and
by using very low-power antennas and amplifiers, respectively. The authors
in [95] have shown that massive MIMO has the capability of increasing the
SE by about 1 to 2 orders of magnitude and EE by 3 orders of magnitude by
using simple linear processing such as maximum ratio combining (MRC) and
zero forcing (ZF) at the BS. Furthermore, it has been shown in [96] that when
perfect CSI is available, the transmit power of mobile terminals in massive
MIMO systems is inversely proportional to the number of antennas at the
BS and inversely proportional to the square root of the number of antennas
at the massive MIMO BS, when the CSI is not perfect.
Given that massive MIMO is an emerging technology, to the best of this
writer’s knowledge, there is currently no research work that explicitly focuses
on minimizing EM emission exposure in massive MIMO systems. However,
given the simple relationship between transmit power and EM emission, and
that massive MIMO has the capability of reducing the transmit power of
mobile terminals by at least the square-root of the number of antennas em-
ployed by the massive MIMO BS, depending on the quality of CSI, it means
that massive MIMO could reduce the EM emissions of mobile devices by a
factor of at least the square-root of the number of antennas at the massive
MIMO BS.
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2.6 Summary
In this chapter, a comprehensive survey of EM exposure from mobile com-
munication systems has been performed. The dosimetry and metrics of EM
exposure were analysed and the basis for limiting EM radiation exposure from
mobile systems were discussed. The guidelines and limits of EM exposure in
mobile communication systems were also presented. Subsequently, promising
techniques to minimize EM exposure in mobile systems by reducing the EM
emission and/or transmit power were described.
Given that uplink EM emission is more severe than in the downlink, the
next two chapters of this thesis focus on minimizing EM emission in the
uplink of OFDMA systems. Amongst the various promising EM emission
reduction techniques previously discussed, this thesis proposes new RRA
and CoMP based schemes for reducing EM emission exposure. Indeed, EM
emission is directly related to the transmitted energy and, as such, RRA and
CoMP can be easily extended to minimize the transmit energy with minimal
need for upgrading the hardware of existing networks. They mainly require
software upgrades and the whole process is transparent to the users, unlike
the other schemes that require significant hardware upgrades.
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Chapter 3
EM Emission-aware Resource
Allocation for the Uplink of
Single Cell OFDMA Systems
This chapter proposes two novel RRA schemes for minimizing EM emission
in the uplink of a multiuser OFDMA wireless communication system, while
maintaining a specified QoS constraint. The work presented in this chapter
has been published in [22,23].
3.1 Introduction
Resource allocation/scheduling in the uplink of OFDMA systems have been
well investigated, however, mainly from an SE [48–50], EE [63, 64, 97] and
more recently, joint SE and EE maximization [98, 99] perspectives, where
the authors jointly maximized both the SE and EE in green heterogeneous
networks. Meanwhile, margin adaptive resource allocation has been investi-
gated in [46,47,100], where the authors minimized transmit powers in OFDM
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systems. However, these works do not consider the signalling powers of the
transmitters nor the transmission duration, which are critical in evaluating
EM emission. Furthermore, the authors did not take into account the total
transmit power constraint of the antennas. Accordingly, the works in [47,100]
assumed a minimum data rate constraint (inequality), which would result in
additional transmit power because additional and unnecessary data is trans-
mitted. Whereas, here, resource allocation/scheduling is also utilised but for
reducing the EM emission exposure. The choice is motivated by the fact that
uplink EM emission is proportional to the amount of energy (power over time)
dissipated towards the user, such that three-dimensional (frequency, power
and time) resource allocation schemes make appropriate candidates for re-
ducing the EM emission (while maintaining QoS) in the uplink of OFDMA
systems, according to [65]. Unlike in EE resource allocation/ green schedul-
ing that focus on minimizing the energy consumption of the system, which
comprises of both transmission power and circuit power, EM emission-aware
RRA minimizes only the transmit energy (signalling and data only) of the
system since that is what contributes to EM emission exposure. The first
novel EM emission reduction scheme that is proposed in this chapter min-
imizes the transmission energy subject to transmitting a target number of
bits (QoS target) over a given transmission window, while taking into ac-
count the power constraint in each time slot (TS). This approach relies on
the availability of long-term CSI of all the users in the network. As such, it
is called “oﬄine”, since processing is performed oﬄine, i.e. not in real-time,
prior to the transmission of any data. With the original optimization prob-
lem being non-convex, an elegant way to reformulate it in a standard convex
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form was found and the power allocation problem was solved by designing a
water-filling based algorithm. The optimal bit allocation was obtained and
subsequently, power allocation of each user on its allocated subcarriers. An
in-depth analytical insight into the oﬄine scheme in terms of the effects of
imperfect channel prediction, performance evaluation in a vehicular channel
and EM emission comparison (by fixing the data-rate of the oﬄine scheme
to match those of the benchmark schemes) have been provided. On the
other hand, the second novel EM emission reduction scheme is based on the
short-term CSI and it minimizes the transmission energy per bit of each user
by calculating the optimal instantaneous transmit power of each user per
subcarrier. As such, this scheme is called “online” because optimization is
performed instantaneously on a per subcarrier and TS basis.
Section 3.2 describes the OFDMA uplink system model as well as the
relation between the EM emission and the transmission energy. In Section
3.3, the EM emission-aware optimization problem is formulated and solved by
proposing two novel EM emission reduction schemes. In Section 3.4, the per-
formances of the proposed schemes are analysed and compared against EE-
and SE-based schemes, by using Monte Carlo simulations. The results show
the huge benefit of the proposed schemes against the benchmark schemes in
terms of EM emission minimization. Finally, Section 3.5 provides a conclu-
sion to this chapter.
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3.2 System Model
Consider the uplink of a multiuser OFDMA wireless communication system
consisting of K single antenna users communicating with a BS - also employ-
ing a single antenna. The system utilizes a total bandwidth W divided into
N equal subcarriers. It is assumed that time resource is split into TSs, each
of length l. Furthermore, each user in the network sends uplink pilot signals
that are used by the BS to estimate the CSI of the user-to-BS link. There-
fore, the BS is assumed to have perfect CSI of all the links between itself
and its served users in the network; this CSI knowledge is used to allocate
subcarriers to the users and also perform power allocation to minimize the
EM emission of the users, subject to transmitting a target number of bits.
Note that in this thesis, a subcarrier can be allocated to at most one user
in a TS but a user can have more than one subcarrier in a TS. Hence, the
amount of bits transmitted by user k in a TS assuming Gaussian signalling
and independent and identically distributed (I.I.D.) Gaussian noise can be
expressed from Shannon capacity as [101]
bk(t) = wl
N∑
n=1
αk,n(t) log2
(
1 +
pk,n(t)gk,n(t)
σ2
)
, (3.1)
where w denotes the bandwidth of a subcarrier, pk,n(t) and gk,n(t) represent
the transmit power and channel gain of user k on subcarrier n at TS t, respec-
tively. The parameter αk,n(t) represents the subcarrier allocation index of
user k, such that αk,n(t) = 1 if subcarrier n is allocated to user k at TS t and
αk,n(t) = 0 otherwise, while σ
2 denotes the noise power per subcarrier. RRA
algorithms in the literature are mostly based on Gaussian input because of
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the simplicity of the the closed-form expression of Shannon capacity under
Gaussian input and it is theoretically optimal for mutual information (MI)
maximization. Unfortunately, this assumption does not hold for practical sys-
tems because the capacity under Gaussian input is unbounded in SNR [102].
As a result, practical systems employ finite symbol alphabet (FSA) input
distribution because it provides a more realistic assumption [102] and [103].
Given that the achievable capacity under FSA input is always lower than
that of the Gaussian input, the SNR gap model can be used to approximate
the performance difference between the two inputs [104].
Regarding the exposition of user k to EM exposure, it can be expressed
according to [33] as
Ek =
SARk
P ref
∑
t
(
pˆk(T ) +
∑
n
pk,n(t)
)
l, (3.2)
where SARk is the wbaSAR of the k-th user mobile device while the parame-
ter P ref represents the incident reference power and pˆk denotes the signalling
power of user k. The signalling power, pˆk(T ), can be computed as [105]
pˆk(T ) = min(P
max
k , P0 +Dk + ∆(T )) [dBm], (3.3)
where P0 denotes the received signal power threshold at the BS, Dk represents
the path loss of user k and
∆(T ) =

10 log10(δ/4), if δ ≥ 4
0, otherwise
(3.4)
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such that δ denotes the number of bits transmitted for channel quality indi-
cation (CQI). The signalling power is set in reference to the received power
threshold, relative to the path loss and the number of bits transmitted per
TS for CQI. In this work, it is assumed that a bits of CQI are transmitted
by each user in a TS, hence δ = aT in (3.4), where T denotes the number
of TSs [105]. It therefore means that the number of transmitted signalling
bits increases with the size of the transmission window. However, it is known
from Lemma 1 that
Lemma 1
Extending the duration of transmission decreases the energy dissipated for
transmitting b bits.
Proof:
The number of bits b transmitted with power p over duration l is given by
b = wl log2
(
1 +
pg
σ2
)
. (3.5)
After some simplification, the transmit power needed to transmit b bits
over duration l can be expressed as
p = (2b/wl − 1)σ2g−1. (3.6)
Thus, the energy emitted for transmitting b bits over duration l is given as
e = (2b/wl − 1)σ2g−1l, (3.7)
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which implies that e is monotonically decreasing and convex in l, for l ≥ 0.
Hence, the energy needed to transmit b bits decreases as the duration of
transmission increases. 
Consequently, if the data transmission power dominates the signalling
power, i.e. pˆk(T ) <<
∑
n pk,n(t), then Lemma 1 implies that extending the
data transmission duration reduces the EM emission of the user. Hence,
there exists a trade-off between signalling and transmission energy when it
comes to setting the length of the transmission window, T .
It can be remarked from (3.2) that if SARk/P
ref is fixed for all the users,
then reducing the EM exposure, Ek, boils down to reducing the per-user
transmit energy, Ek, (Ek = P refSARkEk) i.e. the product of the transmit power
and time. Whereas increasing the number of transmitted bits implies an
increase in transmit power or/and number of utilized subcarriers, according
to (3.1). Thus, in order to reduce the EM emission while ensuring a QoS
target, a subtle trade-off between power, number of utilized subcarriers and
duration of transmission must be achieved, as it is further detailed in the
next section.
3.3 EM Emission Reduction Schemes
In this section, two novel and effective algorithms are proposed for minimiz-
ing EM emission in the uplink of OFDMA systems, while ensuring a QoS
constraint. The schemes are based on the assumption that the BS can pre-
dict the CSI of all the users up to T TSs in advance by using the uplink pilot
signals that are transmitted by each user in the system. As such, the schemes
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are based on the availability of short (T = 1) and long (T > 1) term CSI
predictions, respectively. Knowing the CSI of each user, the BS performs
subcarrier and power allocations across the whole T TSs to minimize the
total transmit energy, E = ∑Kk Ek and, hence, EM emission, when each user,
k, transmits Bk bits. Consequently, the EM emission reduction schemes are
based on the following optimization problem
min
p,α
E = l
K∑
k
(
pˆk(T ) +
T∑
t=1
N∑
n=1
αk,n(t)pk,n(t)
)
, (3.8)
subject to
wl
T∑
t=1
N∑
n=1
αk,n(t) log2
(
1 +
pk,n(t)gk,n(t)
σ2
)
= Bk ∀k, (3.9a)
N∑
n=1
αk,n(t)pk,n(t) ≤ Pmaxk ∀t, (3.9b)
K∑
k=1
αk,n(t) ≤ 1, (3.9c)
where p = [p1,1(1), . . . , pK,N(1), p1,1(2), . . . , pK,N(T )]  0, α = [α1,1(1), . . . ,
αk,N(1), α1,1(2), . . . , αK,N(T )], such that αk,n(t) ∈ {0, 1}, ∀k, n, t.
Notice that the constraint (3.9a) on the number of transmitted bits is
set across the whole T TSs while the power constraint (3.9b) is per TS, as
transmissions are performed in a slotted manner in time domain. Finally, it
is worth mentioning that the binary nature of αk,n(t) in (3.8) - (3.9) makes
the optimization problem at hand combinatorial, which is NP-hard and is in-
tractable for large systems. Thus, this problem is first relaxed by performing
subcarrier and power allocations in a sequential approach, as in many other
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existing scheduling schemes [49,50,63,64], prior to solving it; first subcarrier
allocation is performed to obtain αk,n(t), then power allocation is performed
for a fixed value of αk,n(t), ∀k, n, t.
3.3.1 Oﬄine EM Emission Reduction Scheme
In this subsection, the novel subcarrier and power allocation scheme, based
on long-term CSI prediction, i.e for T > 1 TS, for minimizing the uplink
EM emission is proposed. It is worth noting that perfectly predicting the
CSI of numerous TSs is not always feasible and, as such, this scheme is
more theoretical; however, it is well suited for quasi-static channels where
accurate CSI prediction can be performed. Whereas for more time varying
channel, schemes like [106–108] can be used for CSI prediction. In addition,
the parameter T can be used to tune prediction accuracy based on channel
conditions.
Subcarrier Allocation
A low complexity subcarrier allocation, which is based on equal subcarrier
and a bespoke subcarrier allocation utility (SAU) is proposed. Equal sub-
carrier allocation is considered for practical reasons (easy implementation/
low-complexity), while the SAU ensures higher aggregate values of the chan-
nel gains for allocated subcarriers in comparison with the worst subcarrier
avoiding (WSA) approach of [55]. All the users are allocated the same num-
ber of subcarriers within the transmission window, T , so as to maximize both
the minn∈Nk{gk,n}, ∀k and the aggregate value of the channel gains allocated
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to the users. Here, Nk denotes the set of the subcarriers allocated to user k
within the transmission window, T . The SAU is defined as
vk,n(t) =
gk,n(t)
g˜k
(3.10)
where g˜k represents the average channel gain of user k throughout the trans-
mission window and across the whole subcarriers, which is obtainable since
the network is assumed to have knowledge of the CSI of all the users up to
T TSs. Based on the KNT channel gains for all the subcarriers (of all the
users) within a time window T , the SAU of each user on all subcarriers in
the system is first computed by using (3.10) and then stacked in a K ×NT
matrix, V, such that each column of V represents a subcarrier and each
element of V denotes the SAU of user k on subcarrier n at TS t, i.e., vk,n(t).
The columns of V are then reordered into another K × NT matrix, U, by
rearranging the columns of V in ascending order based on their minimum
SAUs; hence, the first column of U contains the subcarrier with the worst
SAU i.e., minn(t) mink vk,n(t), ∀k, n, t, while the last column of U contains the
subcarrier with the highest minimum SAU, i.e. maxn(t) mink vk,n(t) ∀k, n, t.
Subcarrier allocation starts from the first column of U, with the user having
the highest SAU on each subcarrier being allocated to the subcarrier. This
process is continued until S subcarriers are allocated to each user, where
S =
⌊
NT
K
⌋
. (3.11)
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Here, b.c denotes the floor operator. In cases where there are still some
unallocated subcarriers after all users have been allocated S subcarriers, the
few remaining unallocated subcarriers are allocated to the users in a greedy
approach based on their channel gains.
For instance, consider a system with N = 3 subcarriers and K = 3
users but for T = 2 TS, as in [55]. The channel gains of each user on all
the subcarriers over a period T , i.e. gn,k(t) ∀k, n, t, can be expressed in a
K ×NT matrix form as
G =

n(t) 1(1) 2(1) 3(1) 1(2) 2(2) 3(2)
User 1 1.8 1.7 1.3 0.5 0.3 0.4
User 2 0.6 0.7 1.4 1.3 0.8 0.9
User 3 0.2 1.6 0.6 1.2 1.0 0.1

,
where n(t) represents subcarrier n in TS t. After computing the SAU of each
element in G, the matrix V is obtained, given as
V =

n(t) 1(1) 2(1) 3(1) 1(2) 2(2) 3(2)
User 1 1.80 1.70 1.30 0.50 0.30 0.40
User 2 0.63 0.74 1.47 1.37 0.84 0.95
User 3 0.26 2.04 0.77 1.53 1.28 0.13

.
The columns of V are then ordered in terms of mink vk,n(t), ∀k, n, t to obtain
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U, such that
U =

n(t) 3(2) 1(1) 2(2) 1(2) 2(1) 3(1)
User 1 0.40 1.80 0.30 0.50 1.70 1.30
User 2 0.95 0.63 0.84 1.37 0.74 1.47
User 3 0.13 0.26 1.27 1.53 2.04 0.77

.
Finally, the user with the highest SAU (highlighted in bold font in U) on
a particular subcarrier is allocated that subcarrier (up to S subcarriers,
where S = 2 in this example). According to U, in this example, the set
of subcarriers allocated to users 1, 2 and 3 are given as N1 = {1(1), 2(1)},
N2 = {3(1), 3(2)} and N3 = {1(2), 2(2)}, respectively, when using the new
SAU in (3.10). Whereas the subcarriers allocated to users 1, 2 and 3 are
{1(1), 3(1)}, {1(2), 3(2)} and {2(1), 2(2)}, respectively, when using the WSA
algorithm of [55].
Although the proposed subcarrier allocation achieves the same minn∈Nk{gk,n},
∀k, as with the WSA algorithm proposed in [55], the algorithm proposed
here yields a higher aggregate value of the channel gains of the subcarriers
allocated to the users i.e.,
∑K
k=1
(∑
n∈Nk gk,n
)
; this results in users being
allocated subcarriers with better channel gains in comparison with [55] and,
thus, a higher sum rate for the system. For example, let
∑K
k
∑
n∈Nk log2(1 +
pk,ngk,n) denote the SE of the system; assuming pk,n = 1 W, ∀k, n, then the
SE of the system above when using the proposed subcarrier allocation in
this thesis is 7.24 bits/s/Hz while it is 7.19 bits/s/Hz when using the WSA
algorithm of [55]. It implies that, for the same transmit power, the proposed
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subcarrier allocation algorithm in this thesis results in a higher sum rate
when compared to the WSA algorithm of [55].
Power Allocation
For any given subcarrier allocation, i.e., αk,n(t), the power allocation prob-
lem turns into K independent power allocation problems, one for each user.
However, even for fixed αk,n(t) values, the problem in (3.8) - (3.9) is clearly
not convex because the equality constraint (3.9a) is not affine [109]. In or-
der to make the problem convex, (3.9a) has to be re-written into a standard
convex optimization format. Given that the transmit power of user k on
subcarrier n at TS t can be expressed as
pk,n(t) = (2
rk,n(t) − 1)σ2/gk,n(t), (3.12)
where rk,n(t) = bk,n(t)/wl denotes the rate of user k on subcarrier n at TS t,
the optimization problem in (3.8) - (3.9) can be reformulated for each user
k as
min
rk,n(t)
Ek = pˆk(T )l + l
T∑
t=1
N∑
n=1
αk,n(t)(2
rk,n(t) − 1)σ2/gk,n(t) (3.13)
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subject to
wl
T∑
t=1
N∑
n=1
αk,n(t)rk,n(t) = Bk, (3.14a)
N∑
n=1
αk,n(t)(2
rk,n(t) − 1)σ2/gk,n(t) ≤ Pmaxk . (3.14b)
This problem comes down to a rate allocation problem over all the subcarriers
allocated to user k in the transmission window T . By using the change of
variable in (3.12), the equality constraint becomes affine and, hence, the
problem in (3.13) with constrains (3.14a) and (3.14b) is convex in rk,n(t)
for fixed values of αk,n(t) (given that both (3.13) and (3.14b) are convex
functions of rk,n(t)).
The optimization problem in (3.13) - (3.14) is now clearly convex and its
Lagrangian can be defined as
L(r,λ,µ) = pˆk(T )l + l
T∑
t=1
N∑
n=1
αk,n(t)(2
rk,n(t) − 1)σ2/gk,n(t)
+λk
(
Bk − wl
T∑
t=1
N∑
n=1
αk,n(t)rk,n(t)
)
+µk(t)
(
Pmaxk −
N∑
n=1
αk,n(t)(2
rk,n(t) − 1)σ2/gk,n(t)
)
,
(3.15)
where λk and µk(t) denote the Lagrange multipliers (slack variables) asso-
ciated with the constraints (3.14a) and (3.14b), respectively. The following
Karush-Kuhn-Tucker (KKT) conditions [110] are necessary and sufficient
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conditions for optimality
wl
T∑
t=1
N∑
n=1
αk,n(t)rk,n(t)−Bk = 0, ∀k = 1, 2, . . . , K, (3.16)
N∑
n=1
αk,n(t)(2
rk,n(t) − 1)σ2/gk,n(t)− Pmaxk ≤ 0,
∀k = 1, 2, . . . , K and t = 1, 2, . . . , T,
(3.17)
µk(t)
( N∑
n=1
αk,n(t)(2
rk,n(t) − 1)σ2/gk,n(t)− Pmaxk
)
= 0,
∀k = 1, 2, . . . , K and t = 1, 2, . . . , T,
(3.18)
µk(t) ≥ 0, ∀k = 1, 2, . . . , K and t = 1, 2, . . . , T, (3.19)
∇L(r, λk, µk(t)) = 0, ∀k = 1, 2, . . . , K. (3.20)
Solving (3.20), the optimal solution to the problem in (3.13) - (3.14) is ob-
tained as
r?k,n(t) =
[
log2 ν + log2
(
wgk,n(t)
ln(2)σ2
)]
+
, (3.21)
where ν is expressed as
ν =
λ?k
(1− µ?k(t)/l)
, (3.22)
and [x]+ = max{x, 0}. Note that (3.21) is a rate-based water-filling solution,
with ν denoting the water level. Several iterative algorithms like Secant and
Newton-Raphson methods [111] can be used to obtain the optimal values
λ?k and µ
?
k(t) by fixing one of them and iteratively finding the other one un-
til convergence. The variables λ?k and µ
?
k(t) have to satisfy the constraints
(3.14a) and (3.14b), respectively. Knowing the optimal rate of each sub-
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Algorithm 1 Oﬄine EM Emission Reduction Algorithm
1: Inputs: W,N, l, Bk, K, T, σ
2, SARk, Pmax, pˆk(T ), B, gk,n, ∀k = 1, 2 . . . , K
and n = 1, 2, . . . , N
2: Obtain αk,n(t) ∀k, n, t from steps 3 to 8;
3: Compute vk,n(t) in (3.10) and form V;
4: Sort V in ascending order of mink vk,n(t), ∀n, t to obtain U;
5: Denote ji as the subcarrier index representing the columns of U ;
6: Starting from i = 1, allocate subcarrier ji to the user with the maximum
vk,ji ;
7: If |Nk| = S for user k, set vk,ji = 0 ∀i in U and obtain αk;
8: i = i+ 1 and repeat steps 5 & 6 until |Nk| = S ∀k;
9: Obtain r?k,n(t) in (3.21) ∀k via iterative water-filling;
10: Compute p?k,n(t) by using (3.12) ∀k;
11: Obtain Ek via (3.2);
12: Output: Ek.
carrier allocated to user k via (3.21), the optimal transmit powers on these
subcarriers can then be obtained from (3.12). The proposed oﬄine EM emis-
sion reduction scheme is summarized in Algorithm 1.
3.3.2 Online EM Emission Reduction Scheme
In this section, the online EM emission reduction scheme is proposed for the
case where the network relies on users’ instantaneous CSI, i.e. on a per TS
basis. The optimization problem is similar to the one described in (3.8) -
(3.9); the objective function is the same as in (3.8) but with T = 1; the
target number of bits constraint, (3.9a), can still be met over several TSs,
i.e. T ≥ 1. As not all the users might achieve the target number of bits in
one TS, this scheme performs instantaneous subcarrier and power allocation
for all the users in a TS before moving to the next TS until all the users
achieve the desired target number of bits. Each user continuously transmits
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signalling information to the BS in each TS until its target number of bits is
met, and then the user is removed from the scheduling list.
Subcarrier Allocation
Given that this scheme is based on instantaneous resource allocation on a
subcarrier and TS basis, it means that the subcarrier allocation proposed
for the oﬄine scheme is not feasible in this approach; indeed, the number of
subcarriers or TSs that are required by each user to achieve the target number
of bits are not known in advance. A greedy subcarrier allocation algorithm
is proposed for each user in each TS that minimizes the EM emission. In this
approach, the user having the best channel gain on a particular subcarrier is
allocated on it. Denote ηi, for i = 1, 2, . . . , N , as a permutation of subcarriers
such that subcarrier η1 has the best channel gain and subcarrier ηN has the
worst. Starting from t = 1 and i = 1, subcarrier ηi is allocated to the
user with the best channel gain, as long as the user has not met the target
number of bits and/or the power constraint. The same process is repeated
for i = 2, . . . , N until all the users meet the target number of bits or all
the subcarriers in that TS have been allocated. If all the subcarriers in the
TS have been allocated and there are still users that have not achieved the
target number of bits, the same process is repeated for t = t + 1 but only
for the users that have not reached the target number of bits. In the case
where a user achieves its target number of bits, that user is removed from
the scheduling list completely and the subcarrier is allocated to the user with
the second best channel gain; whereas if a user attains its maximum transmit
power, the user is removed from the scheduling list of that TS only.
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Power Allocation
In order to reduce the EM emission, the transmission energy per bit of each
user is minimized on their allocated subcarriers in each TS, by solving the
following problem
min
pk,n(t)
Eˆk,n(t) = pˆk(T ) + pk,n(t)
ck,n(t)
, (3.23)
for k = {1, . . . , K} and n = {1, . . . , N}, respectively, where
ck,n(t) = log2
(
1 +
pk,n(t)gk,n(t)
σ2
)
(3.24)
denotes the achievable rate of user k on subcarrier n. Since each user trans-
mits both control and data signals in the same TS, the power for data trans-
mission for user k in TS t is Pk(t) = Pmax − pˆk(t), where pˆk(T ) is defined as
in (3.3) but for T = 1.
The optimal value that minimizes (3.23) satisfies ∇Eˆk,n(p?k,n) = 0. By
substituting (3.24) into (3.23) and solving ∇Eˆk,n(p?k,n) = 0, the following is
obtained
Eˆ?k (t) = ln(2)
N∑
n
(
p?k,n(t) + σ
2g−1k,n(t)
)
. (3.25)
Equating (3.23) and (3.25) and solving for p?k,n(t), the optimal transmit power
of user k on subcarrier n at TS t that minimizes (3.23) is given as
p?k,n(t) = σ
2g−1k,n(t)
[
e
W0
((
pˆk(T )gk,n(t)
σ2
−1
)
e−1
)
+1
− 1
]
+
, (3.26)
where W0 denotes the real branch of the Lambert function.
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Accordingly, the optimal number of bits that can be transmitted by user
k on subcarrier n at TS t is given by
b?k,n(t) = wl log2
(
1 +
p?k,n(t)gk,n(t)
σ2
)
. (3.27)
Transmit power and target data constraints
In order to ensure that the users comply with the power constraint and also
avoid unnecessary EM emission by not transmitting more than the target
number of bits, the following conditions are introduced in the algorithm
framework.
If ∑
q∈Nk(t)
pk,q(t) + p
?
k,n(t) ≥ Pk(t), (3.28)
then
p?k,n(t) =
[
Pk(t)−
∑
q∈Nk(t)
pk,q(t)
]
+
, (3.29)
where Nk(t) represents the set of the subcarriers already allocated to user k
in TS t. Similarly, for the number of bits constraint, if
b˜k + bk,n(t) ≥ Bk, (3.30)
then
p?k,n(t) = (2
(Bk−b˜k,n)/wl − 1)σ2/gk,n(t), (3.31)
where b˜k =
∑t−1
j=1
∑
q∈Nk(j) bk,q(j) +
∑
q∈Nk(t) bk,q(t) is the total transmitted
bits by user k up to TS t.
Algorithm 2 summarizes the online approach for minimizing the EM emis-
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Algorithm 2 Online EM Emission Reduction Algorithm
1: Inputs: W,N, l, Bk, K, σ
2, SARk, Pmax, pˆk, B, gk,n,∀k = 1, 2 . . . , K
and n = 1, 2, . . . , N
2: Initialize t = 1;
3: Obtain subcarrier allocation ordering ηi, for i = 1, 2, . . . , N ;
4: Initialize i = 1;
5: Allocate subcarrier ηi to the user with the best gk,ηi(t);
6: Compute p?k,n(t) by using (3.26);
7: Compute b?k,n(t) by using (3.27);
8: If (3.28) holds;
9: Compute p?k,n(t) by using (3.29) and b
?
k,n(t) by using (3.27);
10: Remove user k from scheduling list of TS t;
11: If (3.30) holds;
12: Compute p?k,n(t) by using (3.31) and b
?
k,n(t) by using (3.27);
13: Remove user k from scheduling list completely;
14: i = i+ 1;
15: Repeat steps 4 to 14 until i = N + 1, then proceed to t = t+ 1;
16: Repeat steps 3 to 15 until all users achieve target Bk;
17: Compute Ek via (3.2);
18: Output: Ek.
sion towards each user for a given target number of bits, Bk.
3.3.3 Complexity Analysis
As far as the proposed oﬄine scheme is concerned, creating the subcar-
rier allocation matrix U involves selecting the worst channel gain on each
subcarrier and sorting all NT subcarriers in ascending order. This pro-
cess has a computational complexity of O(NT logNT + NTK). The user-
subcarrier pairing in the subcarrier allocation phase of the oﬄine EM emis-
sion scheme is a two dimensional search of U with a complexity of O(KNT ).
Thus, the subcarrier allocation phase of the oﬄine scheme has a complex-
ity of O(NT logNT + NTK). Obtaining the Lagrange multipliers by using
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the secant method of root finding has a complexity of O(βNT (pi1 + pi2)),
where pi1 and pi2 denote the number of iterations it takes to obtain λ
?
k,
µ?k(t), while β gives the number of iterations it takes for the rate alloca-
tion phase to converge. Thus, the proposed oﬄine scheme has a complexity
of O(NT (logNT +K + β(pi1 + pi2))).
Regarding the proposed online EM emission reduction scheme, the sub-
carrier allocation has a complexity of O(XN logN +XNK) while the power
allocation has a complexity of O(ρXN), where ρ denotes the number of iter-
ations needed to execute the Lambert function and X represents the number
of TSs required for all the users to transmit their target number of bits. This
means the proposed online scheme has a complexity of O(XN(logN+K+ρ)).
Simulation results have shown that β(pi1 + pi2) < ρ. Hence, when assum-
ing that X = T , it implies that the oﬄine scheme has a lower computational
complexity than the online scheme (without taking into account CSI predic-
tion).
3.4 Numerical Results
This section compares the performances of the proposed EM emission reduc-
tion schemes by using Monte Carlo simulation. Their performances for both
the pedestrian and vehicular scenarios are analysed by modelling the fast fad-
ing based on ITU pedestrian and vehicular channels [112]. It is assumed that
the SARk and P
ref of all the user devices in the network are the same, hence,
SARk/P
ref = SAR/P ref,∀k. It is further assumed that all the users have
the same target number of bits, i.e., Bk = B, ∀k. The proposed schemes
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Table 3.1: Simulation Parameters
Parameter Value
System Bandwidth (W ) 10 MHz
Number of subcarriers (N) 128
Duration of 1 TS (l) 1 ms
Rx signal Power threshold (P0) -112 dBm
Number of CQI bits (a) 4 bits
Max. User Tx Power (Pmax) 0.2 W
Cell Radius 500 m
SAR 1 W/kg
P ref 1 W
Noise power density -174 dBm/Hz
are benchmarked against the classic greedy SE-based scheme and the EE
scheme of [63]. In the greedy SE-based scheme, a subcarrier is allocated to
the user with the best channel gain on that particular subcarrier/current TS
and then, per-user power allocation is performed via water-filling. The users’
allocated subcarriers are then sorted in descending order and transmission
starts from the best subcarrier. The EE scheme of [63] is based on optimizing
the time averaged bit-per-Joule for subcarrier and power allocations. The al-
location sequence is the same as in Algorithm 2, except that subcarrier and
power allocations are based on EE. In order to ensure fair comparison, both
benchmark schemes utilise equations (3.30) and (3.31) for meeting the same
requirements as the proposed schemes regarding the number of transmitted
bits. The numerical values of the parameters considered in the simulations
are summarized in Table 3.1.
66
Given that signalling and data transmissions take place separately in the
oﬄine EM emission reduction scheme, each user can use all its transmit
power for data transmission at each TS. Whereas, the online EM emission
reduction scheme assumes instantaneous subcarrier and power allocations
during each TS as well as simultaneous signalling and data transmission. All
users transmit signalling information as long as their user’s target number of
bits is not met.
Fig. 3.1 shows the performance comparison of the proposed oﬄine EM
emission reduction scheme versus the optimal solution with exhaustive search
for a small system with K = 2 users, N = 4 subcarriers, T = 2 TSs, R = 100
m and w = 40 kHz. An exhaustive search over 256 possible subcarrier
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Figure 3.1: Performance comparison of the proposed oﬄine EM emission
reduction scheme against the optimal solution with exhaustive search for
K = 2 users, N = 4 subcarriers, T = 2 TSs, R = 100 m and w = 40 kHz.
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assignments was performed to obtain the optimal solution. This was done
for a Monte Carlo simulation of 2000 runs. The result in Fig. 3.1 shows that
the proposed oﬄine scheme performs within 10% of the optimal solution.
In Fig. 3.2, the total uplink EM emission of the proposed EM emission
reduction schemes versus the target number of bits is compared against the
benchmark greedy SE-based scheme and the EE scheme of [63] for K = 15
users and T = 10 TSs. From the results, it is evident that the oﬄine EM
emission reduction scheme produces the least EM emission of all the com-
pared schemes. Furthermore, it can be remarked that the total EM emission
of all the schemes increases as the target number of bits increases. Re-
garding the proposed oﬄine EM emission reduction scheme, given that the
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Figure 3.2: Effect of increasing target number of bits on the total uplink EM
emission for K = 15 users and T = 10 TSs.
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number of subcarriers allocated to each user is fixed, more power is needed
to achieve the target number of bits when the latter increases; while more
TSs are required to transmit higher number of bits in the online and the
greedy SE-based schemes, as well as the EE scheme of [63]. Additionally,
all the users in the online EM emission reduction schemes as well as bench-
mark schemes will have to transmit signalling information during each TS,
irrespective of whether they transmit any data or not, until their bits target
is met and they can be removed from the subcarrier allocation list. It can
be observed that when the target number of bits is high, the greedy online
scheme performs better than the oﬄine scheme. This is because the oﬄine
scheme is constrained to transmit only within the transmission window which
results in an exponential transmit power increase and, in turn, EM emission
increase. For low target number of bits, the oﬄine EM emission reduction
scheme outperforms the online scheme by as much as 50%. Whereas for high
target number of bits, the online scheme performs better than the oﬄine
scheme by up to 40%. The greedy SE-based scheme exhibits the highest
EM emission because it uses all the available power to maximize the number
of bits transmitted on each subcarrier. The greedy SE-based scheme has a
significantly higher EM emission compared to the proposed oﬄine scheme,
i.e. an EM emission that is at least 3 orders of magnitude higher. Although
the EE scheme of [63] has a lower EM emission when compared to the greedy
SE-based scheme, the proposed oﬄine scheme outperforms it by more than
2 orders of magnitude. On the other hand, the proposed online scheme out-
performs the EE scheme of [63] and the greedy SE-based scheme by at least
2 and 2.5 orders of magnitude, respectively.
69
Fig. 3.3 depicts the total uplink EM emission of the proposed schemes
versus the number of users in the network for a target of B = 10 kbit and
T = 10 TSs. It can be observed that the total uplink EM emission in-
creases with the number of users in the network. In the oﬄine EM emission
reduction scheme, within the transmission window T , the number of subcar-
riers allocated to each user reduces as the number of users in the network
increases, because they have to share the available subcarriers. It implies
that the users would have to transmit with more power to achieve the target
number of bits. Whereas in the online and the greedy SE-based schemes as
well as the EE scheme of [63], given that the number of subcarriers in a TS
is fixed, more TSs would be needed to achieve the target number of bits of
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Figure 3.3: Effect of increasing the number of users in the system on the
total uplink EM emission for B = 10 kbit and T = 10 TSs.
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all the users in the network as the number of users increases. As in Fig.
3.2, the oﬄine scheme outperforms the SE-based and EE scheme of [63] by 3
and 2 orders of magnitude, respectively, while the online scheme outperforms
the EE scheme of [63] and SE-based scheme by at least 2 and 2.5 orders of
magnitude, respectively.
In Fig. 3.4, the total uplink EM emission of the oﬄine scheme is compared
against the other schemes for the same data rate. The data rate of the oﬄine
scheme was matched to the other schemes by fixing the transmission window
to the same TSs used by the other schemes for K = 10 users. The top plot
of Fig. 3.4 shows a comparison between the proposed oﬄine and online EM
emission reduction schemes. It can be observed that the oﬄine EM emission
20 22 24 26 28 30
10−5.7
10−5.4
To
ta
l u
pl
in
k 
EM
 e
m
is
si
on
 [J
ou
le
/k
g]
 
 
20 25 3010
−6
10−5
10−4
10−3
Target number of bits [kbit]
 
 
20 25 3010
−5
10−4
10−3
10−2
 
 
Offline scheme
Greedy SE scheme
Offline scheme
Online scheme
Offline scheme
EE scheme of [63]
Figure 3.4: Total uplink EM emission comparison when the data rate of
the proposed oﬄine scheme is matched with those of the compared schemes
versus the target number of bits for K = 10 users.
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reduction scheme achieves up to 30% reduction in EM emission compared
to the online scheme. The fluctuation in the uplink EM emission of the
oﬄine scheme results from a change in bit-rate. The number of TSs used for
transmission between the targets of 22 kbit and 24 kbit increases from 6 to 7,
which, accordingly, results in a drop in bit-rate from 3.67 Mbps to 3.43 Mbps.
This results in more subcarriers for the users to transmit with in the oﬄine
scheme, thereby resulting in lower EM emission. The bottom left plot of
Fig 3.4 shows the total uplink EM emission comparison of the oﬄine scheme
versus the EE scheme of [63]. The bit-rate varies from 4 Mbps to 4.3 Mbps
and it can be seen that the proposed oﬄine EM emission reduction scheme
outperforms the EE scheme by over 2 order of magnitude. This shows that
even though the objective of EE is to improve the number of transmitted
bits per unit energy consumed, it is, however, not the most suitable for EM
emission reduction. In the bottom right plot of Fig. 3.4, the EM emission of
the oﬄine scheme is compared against EM emission of the greedy SE scheme.
The greedy SE scheme has the highest bit-rate (average of 10 Mbps) of all
the schemes compared, as it seeks to maximize the SE performance of the
system thereby resulting in a shorter transmission duration. By matching
the bit-rate of the oﬄine scheme with that of the greedy SE scheme, it has
been shown that the oﬄine scheme achieves a considerable reduction in EM
emission of over 1 order of magnitude. However, as the target number of bits
increases, the EM emission performance of the oﬄine scheme approaches that
of the greedy SE scheme. This is due to the limited number of subcarriers
within the transmission window for achieving the high target number of bits,
a phenomenon already observed in Fig. 3.2.
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Fig. 3.5 depicts the performance comparison of the online scheme versus
the online scheme’s power allocation with Round Robin (RR) scheduling
whereby the users are allocated their best subcarriers in an RR manner. The
top plot of Fig. 3.5 shows EM emission comparison of the schemes for K = 10
users. It can be seen that the online scheme with greedy RR scheduling has at
least 40% more EM emission when compared to the online scheme proposed
in this chapter. This is because the algorithm tries to enforce fairness by
ensuring that all users are allocated similar number of subcarriers in each TS
as long as they have not met their target number of bits; in turn, this will
force users with poor channels to transmit with higher power and result in
higher EM emission. Hence, this result is in line with Lemma 1 which states
10 15 20 25 30 35 4010
−6
10−5
10−4
Target number of bits [kbit]
To
ta
l u
pl
in
k 
EM
 e
m
is
si
on
 [J
/k
g]
 
 
1 2 3 4 50.2
0.4
0.6
0.8
1
Time slot
Fa
irn
es
s
 
 
Online scheme
Online scheme with greedy RR
Online scheme
Online scheme with greedy RR
Figure 3.5: Jain’s fairness index comparison of the proposed online EM emis-
sion reduction scheme for K = 10 users.
73
that spreading the power over time is the way to achieve lower EM emission.
The bottom plot of Fig. 3.5 shows the Jain’s fairness index comparison of
the online EM emission reduction scheme for the first 5 TSs when B = 20
kbit and K = 10 users. As expected, it can be seen that the online scheme
with greedy RR scheduling has a significantly higher degree of fairness of
about 98%. The online scheme proposed in this chapter, however, has a
lower fairness of about 40% in the first TS but it increases as the sum rate
of the users increase in subsequent TSs. Given that the algorithm is greedy,
it assigns a subcarrier to the user with the best channel gain on it, as long
as that user has not reached its target number of bits. This approach leads
to a lower EM emission but at the cost of a lower per TS rate fairness, even
though all the users will eventually meet their transmitted bit targets.
Fig. 3.6 shows the effect of imperfect channel prediction on the oﬄine EM
emission reduction scheme for pedestrian and vehicular channels, when K =
15 users. The figure is based on the channel estimation model in [113], with
the estimation variance parameter  = 0, 0.3 and 0.5, where  = 0 denotes a
perfect channel knowledge while  = 1 represents a completely uncorrelated
channel prediction. It is obvious that the total uplink EM emission is lowest
when there is a perfect channel prediction and the performance gap increases
as the target number of bits increases. It is also expected that the EM
emission over the pedestrian channel is lower than over the vehicular channel
(by about 12% in Fig. 3.6), given the latter model’s poorer channel conditions
than the former. It can further be observed that the proposed scheme is very
robust even when the CSI prediction error is very high, as there is only a
12% and 15% difference in the total uplink EM emission between a perfect
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Figure 3.6: Effect of imperfect channel prediction on the total uplink EM
emission of the proposed oﬄine EM emission reduction scheme for pedestrian
and vehicular channels.
CSI prediction and when  = 0.5 for the pedestrian and vehicular channels,
respectively.
Fig. 3.7 depicts the effect of the transmission window size, T , on the
oﬄine EM emission scheme for K = 15 users and B = 15 kbit. It can
be observed that the EM emission reduces as the transmission window in-
creases, which was predicted by Lemma 1. When the transmission window
increases, more subcarriers become available to the users and, hence, they
require lower transmission power to achieve the target number of bits of all
the users. Unfortunately, this reduction in EM emission comes at a cost of
lower data rate and increased signalling power. As such, a trade-off has to
be reached regarding the transmission duration, signalling power and data
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Figure 3.7: Effect of the transmission window size, T , on the oﬄine EM
emission scheme for K = 15 users and B = 15 kbit.
rate. However, it has been shown in Fig. 3.4 that even when the data rate of
the oﬄine scheme is matched to that of the SE-based scheme, the proposed
oﬄine scheme still considerably reduces EM emission when compared to the
SE-based scheme. Since the transmission window affects the performance
of the oﬄine EM emission reduction scheme, in a practical setting, the net-
work operator could vary the length of the transmission window depending
on the network EM emission threshold and the target number of bits. Delay
sensitive transmissions could have a shorter transmission window, while de-
lay tolerant applications could have a longer transmission window to further
reduce the EM emission towards the users in the network.
Fig. 3.8 shows the CPU computational complexity of the proposed of-
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Figure 3.8: CPU time complexity comparison of the proposed EM emission
reduction schemes for K = 20 users and T = 10 TSs.
fline and online schemes versus the target number of bits for K = 20 users
and T = 10 TSs. It can be observed that the oﬄine EM minimization
scheme exhibits a lower computational complexity when compared to the
online scheme. This is due to the high complexity associated with comput-
ing the Lambert function when calculating the transmit power of each user
on their allocated subcarriers. The figure shows that without taking the
complexity of obtaining the long-term CSI of the users, the online scheme is
approximately 1.5 orders of magnitude more complex than the oﬄine scheme.
This observation is in line with the complexity analysis provided in Section
3.3.3.
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3.5 Conclusion
Two schemes - oﬄine and online - for minimizing the total EM emission in
the uplink of OFDMA systems have been proposed in this chapter. The
oﬄine EM emission reduction scheme is based on the assumption that the
network can predict the long-term CSI of all the users for allocating them on
subcarriers. Then an optimal rate-based water-filling is performed to obtain
the rate and power allocations of each allocated user on each subcarrier
allocated to the user. On the other hand, the online EM emission reduction
scheme, which is based on short-term CSI knowledge, allocates power to users
by minimizing the transmit energy per bit of each user. Simulation results
show that the proposed oﬄine scheme performs close to the optimal solution
and that it significantly outperforms existing SE and EE based schemes, by
up to 3 and 2 orders of magnitude, respectively. Accordingly, the proposed
online scheme outperforms the SE and EE based schemes by up to 2.5 and 2
orders of magnitude, respectively. It has also shown that EM emission of the
oﬄine scheme is inversely related to the transmission window, which makes
it suitable for delay tolerant transmissions. Additionally, the oﬄine scheme
proves to be very robust against the effects of imperfect channel prediction.
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Chapter 4
Multicell RRA for EM
Emission Minimization in the
Uplink of OFDMA systems
This chapter proposes a novel scheduling scheme for minimizing EM emis-
sion in the uplink of a multicell multiuser OFDMA wireless communication
system, while maintaining a specified QoS constraint. The work presented
in this chapter has been published in [24,25].
4.1 Introduction
Resource allocation in multicell systems is more challenging than in the single
cell scenario because of the inter-cell interference coming from neighbouring
cells. Additionally, the exclusive use of subcarriers among different sectors
in a multicell system reduces the overall performance of the network. The
authors in [114] and [115] have proposed scheduling and resource allocation
algorithms for maximizing the SE in the uplink of OFDM systems. In [114],
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the authors investigated the upper and lower bounds on the throughput and
proposed a sub-optimal RRA algorithm to maximize the SE by using the
geometric programming technique. In parallel, the authors in [116] and [117]
have shown the benefits of coordination for mitigating interference and im-
proving EE in the downlink of multicell OFDM systems. From an EE per-
spective, more gain can be achieved by tuning the power at the BS, and this
explains why EE-based coordination techniques have mainly been developed
for the downlink. On the contrary, regarding EM emission, the uplink is
where most of the reduction can be made, which motivates the work in this
chapter that provides a bespoke solution for the uplink.
The scheme proposed in this chapter is based on the oﬄine EM emis-
sion reduction scheme proposed in Chapter 3. Contrary to the algorithms
in [114–117] that have been designed for optimal SE/EE improvement and
do not take into account the target number of bits constraint, the proposed
scheduler design in this chapter takes into account the QoS, signalling power
as well as the data transmission power of each user in the network to min-
imize the EM emission in the uplink of multicell OFDMA systems. The
proposed scheme minimizes the emitted energy subject to transmitting a
target number of bits (QoS target) over a given transmission window, while
taking into account the power constraint in each of the several TSs. Given
that the original optimization problem is non-convex, it is first reformulated
in a standard convex form and solved by designing a water-filling algorithm.
Two power allocation algorithms are proposed for the scheme to minimize
EM emission. The first power allocation algorithm performs a multicell it-
erative optimization to update the transmit powers of the users of different
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sectors, while the second power allocation algorithm uses the average channel
gains of the users of different sectors to obtain an approximation of the trans-
mit power without multicell iterative optimization. However, given that this
approach only provides an approximation of the users’ transmit power, some
users may not always meet their target number of bits with this approach.
Consequently, it must be refined by using the approximate transmit power
as a starting point of the first power allocation algorithm so that the target
number of bits constraint is always met. This combined approach yields the
same EM emission performance as the first power allocation algorithm on its
own, but with a faster convergence rate, i.e. lower computational complex-
ity. However, as mentioned in Chapter 3, the proposed scheme comes with
a cost of reduced data rate and increased signalling since the framework of
the scheme is to spread data transmission is over a longer duration.
Section 4.2 describes the system model for the uplink of a multicell
OFDMA network. The EM emission-aware problem is formulated and solved
in Sections 4.3. The complexity analysis of the proposed EM emission reduc-
tion scheme is presented in Section 4.4. In Section 4.5, the performance of the
proposed scheme is compared against the single cell oﬄine scheme proposed
in Chapter 3 and two SE maximization schemes, by using Monte Carlo simu-
lations. The results show the superiority of the proposed scheme against the
benchmark schemes in terms of EM emission minimization. Finally, Section
4.6 provides a conclusion to this chapter.
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Figure 4.1: Sectorised cellular system model.
4.2 System Model
Consider the uplink of a classic planar multiuser OFDMA cellular system, as
depicted in Fig. 4.1, where sectorised single-antenna BSs communicate with
K uniformly distributed single antenna users per sector. In this setting, each
user is surrounded by at least three BSs, i.e., its own serving BS and its two
closest neighbouring BSs. The system utilizes a total bandwidth W divided
into N equal subcarriers. It is assumed that time is split into TSs, each of
length l. It is further assumed that a central scheduler, which has perfect
CSI of all the users in the network up to T TSs in advance, coordinates the
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transmission. In this chapter, a subcarrier can be allocated to at most one
user per sector in a TS but a user can have more than one subcarrier in a
TS. Hence, the amount of bits transmitted in a TS by user k in sector m can
be expressed as
bmk (t) = wl
N∑
n=1
αmk,n(t) log2
(
1 +
pmk,n(t)g
m
k,n(t)
σ2 + Imk,n(t)
)
, (4.1)
where w denotes the bandwidth of a subcarrier, pmk,n(t) and g
m
k,n(t) represent
the transmit power and channel gain, respectively, of user k on subcarrier n in
sector m at TS t. The parameter αmk,n(t) represents the subcarrier allocation
index of user k, such that αmk,n(t) = 1 if subcarrier n is allocated to user k in
sector m at TS t and αmk,n(t) = 0 otherwise, while σ
2 denotes the noise power
per subcarrier. Additionally, Imk,n(t) accounts for the interference from users
transmitting on subcarrier n at TS t in the neighbouring sectors such that
Imk,n(t) =
M∑
υ=1,υ 6=m
pυk,n(t)g
υ
k,n(t), (4.2)
where M is the number of sectors in the system.
From [33], the total uplink EM exposure of the system can be expressed
as
E =
M∑
m
K∑
k
Emk , (4.3)
where Emk denotes the contribution of user k in sector m to the EM exposure
index, and is given by
Emk =
SARmk
P ref
∑
t
(
pˆmk [T ] +
∑
n
pmk,n(t)
)
l. (4.4)
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In (4.4), SARmk denotes the wbaSAR of the mobile device of user k in sector
m, while P ref and pˆmk (T ) represent the incident reference power and the
signalling power of user k in sector m, respectively. Moreover, the signalling
power, pˆmk (T ), can be computed from (3.3). The proposed EM emission
reduction scheme is based on the following optimization problem
min
p,α
E =
M∑
m
K∑
k
l
(
pˆmk (T ) +
T∑
t=1
N∑
n=1
αmk,n(t)p
m
k,n(t)
)
(4.5)
subject to
wl
T∑
t=1
N∑
n=1
αmk,n(t) log2
(
1 +
pmk,n(t)g
m
k,n(t)
σ2 + Imk,n(t)
)
= Bmk ∀k,m, (4.6a)
N∑
n=1
αmk,n(t)p
m
k,n(t) ≤ Pmaxk ∀k, t, (4.6b)
K∑
k=1
αmk,n(t) ≤ 1. (4.6c)
In (4.5) - (4.6), E denotes the total energy emitted for each user k in sector m
to transmit Bmk bits (QoS requirement) and P
max
k represents the maximum
transmit power of the user equipment. Finally, p = [p11,1(1), . . . , p
1
1,N(T ),
p21,1(1), . . . , p
m
k,N(T )]  0 and α = [αmk,1(1), . . . , α1K,N(T ), α21,1(1), . . . , αMK,N(T )],
such that αmk,n(t) ∈ {0, 1}, ∀k, n,m, t. Notice that the constraint (4.6a) on
the number of transmitted bits is set across the whole T TSs for all the users
while the power constraint (4.6b) is per TS, as transmissions are performed
in a slotted manner in time domain.
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4.3 Multicell EM Emission Aware Schedul-
ing Scheme
In this section, the proposed EM emission reduction scheme for solving the
problem in (4.5) - (4.6) is presented. The scheduler performs subcarrier
allocation and power allocation across the whole T TSs to minimize the
transmission energy and, hence, EM emission.
Similar to the EM emission problem of (3.8) - (3.9) in Chapter 3, the
problem in (4.5) - (4.6) also is non-convex due to the binary nature of αmk,n(t)
which makes this problem NP-hard and, hence, intractable for large systems.
Here, as in Chapter 3, the problem is solved by performing subcarrier and
power allocations in a sequential manner; at first subcarrier allocation is
performed to obtain αmk,n(t) values, then powers are allocated based on the
knowledge of αmk,n(t) ∀k, n,m, t.
4.3.1 Subcarrier Allocation
Unlike in single cell scheduling where a subcarrier is allocated to at most
one user in the system, in the multicell case, users in different sectors can
share the same subcarrier. This results in inter-cell interference that degrades
system performance. Thus, in multicell systems, the central scheduler must
group users of different sectors first and then assign subcarriers to each of
these groups. In this thesis, a novel approach for grouping the users of
different sectors prior to subcarrier assignment is proposed; in this approach,
K groups consisting of one user from each sector are formed based on the
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interference power received in neighbouring sectors as a result of signalling,
given as
ηmk = pˆ
m
k (T )
M∑
q 6=m
Dqk, (4.7)
where Dqk denotes the path-loss from user k for neighbouring BS q. The
new user grouping is simple and practical given that pˆmk (T )
∑M
q 6=mD
q
k can
easily be obtained by each neighbouring sector q. From an implementation
point-of-view, ηmk for each user in each sector is computed first and then the
users of each sector are ranked in increasing order of ηmk , i.e., the user in
sector m with the least ηmk is ranked as 1 and the user with the highest η
m
k
is ranked as K. The users of different sectors that have the same rank are
then grouped together. This approach ensures that the users that generate
the least interference to neighbouring sectors are grouped together. Define
the user group index, uj, for j = 1, . . . , K, such that each index represents
one of the K groups of M users. The uj-th group of users is treated as a
user, j, and subcarrier allocation is performed for each user j to minimize its
EM emission by using its average channel gains, which greatly simplifies the
subcarrier allocation. The subcarrier allocation metric is defined as
Γj,n(t) =
hj,n(t)
h¯j
, (4.8)
where hj,n(t) = gj,n(t)/Gj,n(t), such that gj,n(t) =
1
M
∑M
m=1 g
m
uj(m),n
(t), Gj,n(t)
= 1
M
∑M
m=1G
m
uj(m),n
(t) and Gmuj(m),n(t) =
∑M
υ=1
υ 6=m
gυj(υ),n(t). Here, uj(m) refers
to the user belonging to sector m in the user group with index uj. The
parameter hj,n(t) represents the unit power SIR of user j on subcarrier n
86
at TS t and h¯j =
∑T
t
∑N
n hj,n(t)
NT
denotes the average SIR of user j within the
transmission window T across the whole subcarriers, which is based on the
CSI knowledge of all the users up to T TSs. It is assumed that this knowledge
is available to compute Γj,n(t), ∀j, n, t. Subcarrier allocation follows the same
process as presented in the oﬄine scheme of Chapter 3 but where Γj,n(t) is
used instead of the SAU for computing the subcarrier matrices U and V (see
Chapter 3.1.1). This approach maximizes both the minn∈Nj{Γj,n} (fairness)
and the average SIR value in Nj, ∀j. Here, Nj denotes the set of subcarriers
allocated to user j within the transmission window, T . The users of each
group uj are made to share the same set of subcarriers allocated to that user
group, i.e., user j.
4.3.2 Power Allocation
In this subsection, two power allocation algorithms are proposed to minimize
EM emission in the uplink of multicell systems. Regarding the first power
allocation algorithm (PA1), each sector minimizes the uplink EM emission
by iteratively optimizing the transmit power of its users while taking into
account interference from neighbouring sectors. Whereas the second power
allocation algorithm (PA2) uses the average channel gains of the users of
different sectors to obtain an approximation of the power allocation for each
user.
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Power allocation algorithm 1 (PA1)
For any given subcarrier allocation, i.e., for fixed values of αmk,n(t), the power
allocation problem is equivalent to MK independent power allocation prob-
lems, one for each user of every sector. However, the optimization problem in
(4.5) - (4.6) is still not convex even for a fixed subcarrier allocation because
of both the interference term and equality constraint in (4.6a); the latter
being not affine [109]. Given that the transmit power of user k on subcarrier
n at TS t can be expressed from (4.1) as
pmk,n(t) =
(2r
m
k,n(t) − 1)(σ2 + Imk,n(t))
gmk,n(t)
, (4.9)
where rmk,n(t) = b
m
k,n(t)/wl denotes the rate of user k on subcarrier n in sector
m at TS t. The problem in (4.5) - (4.6) can be re-written into a standard
convex optimization format for fixed Imk,n(t) and α
m
k,n(t) values. Hence, the
power allocation problem of user k in sector m can be expressed as
min
rmk,n(t)
Emk = pˆmk l + l
T∑
t=1
N∑
n=1
αmk,n(t)(2
rmk,n(t) − 1)(σ2 + Imk,n(t))
gmk,n(t)
(4.10)
subject to
wl
T∑
t=1
N∑
n=1
αmk,n(t)r
m
k,n(t) = B
m
k , (4.11a)
N∑
n=1
αmk,n(t)(2
rmk,n(t) − 1)(σ2 + Imk,n(t))/gmk,n(t) ≤ Pmaxk . (4.11b)
With the equality constraint being converted into an affine function, the
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problem in (4.10) with constraints (4.11a) and (4.11b) is convex in rmk,n(t) for
fixed Imk,n(t) and α
m
k,n(t). This comes down to a rate allocation problem over
all the subcarriers allocated to user k in sector m during the transmission
window T . The Lagrangian of the problem can be defined as
L(rmk (t), λmk , µmk (t)) =
pˆmk l + l
T∑
t=1
N∑
n=1
αmk,n(t)(2
rmk,n(t) − 1)(σ2 + Imk,n(t))
gmk,n(t)
+ λmk
(
Bmk − wl
T∑
t=1
N∑
n=1
αmk,n(t)r
m
k,n(t)
)
+ µmk (t)
(
Pmaxk
−
N∑
n=1
αmk,n(t)(2
rmk,n(t) − 1)(σ2 + Imk,n(t))/gmk,n(t)
)
,
(4.12)
where λmk and µ
m
k (t) denote the Lagrange multipliers associated with the
constraints (4.11a) and (4.11b), respectively.
Given that the optimization problem in (4.10) - (4.11) is convex, the
following KKT conditions [110] are necessary and sufficient conditions for
optimality
wl
T∑
t=1
N∑
n=1
αmk,n(t)r
m
k,n(t)−Bmk = 0, ∀k,m, (4.13)
N∑
n=1
αmk,n(t)(2
rmk,n(t) − 1)(σ2 + Imk,n(t))/gmk,n(t)− Pmaxk ≤ 0,
∀k,m, t,
(4.14)
µmk (t)
( N∑
n=1
αmk,n(t)(2
rmk,n(t) − 1)(σ2 + Imk,n(t))/gmk,n(t)− Pmaxk
)
= 0,
∀k,m, t,
(4.15)
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µmk (t) ≥ 0, ∀k,m, t, (4.16)
∇L(rmk , λmk , µmk (t)) = 0, ∀k,m. (4.17)
By solving (4.17), the optimal solution to the problem in (4.10) - (4.11) is
obtained as
rm?k,n(t) =
[
log2 ν + log2
(
wgmk,n(t)
ln(2)(σ2 + Imk,n(t))
)]
+
, (4.18)
where ν is expressed as
ν =
λm?k
(1− µm?k (t)/l)
, (4.19)
and [x]+ = max{x, 0}. Note that (4.18) is a rate-based water-filling solution,
with ν denoting the water level. Several iterative algorithms like Secant and
Newton-Raphson methods [111] can be used to obtain the optimal values λm?k
and µm?k (t) by fixing one of them and iteratively finding the other one until
convergence. The variables λm?k and µ
m?
k (t) have to satisfy the constraints
(4.10) and (4.11), respectively. Knowing rm?k,n(t) ∀k, n,m, t, the optimal per-
subcarrier transmit powers can then be obtained from (4.9).
Power allocation algorithm 2 (PA2)
By using the average channel gains of the users in each user group, uj, the
average number of bits transmitted by the j-th user in a TS is given as
b˜j(t) = wl
N∑
n=1
αj,n(t) log2
(
1 +
p˜j,n(t)gj,n(t)
σ2 + p˜j,n(t)Gj,n(t)
)
, (4.20)
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where p˜j,n(t) denotes the transmit power of the j-th user (average transmit
power of the users in uj). Hence, the average transmit power of user j on
subcarrier n at TS t can be expressed from (4.20) as
p˜j,n(t) =
(2r˜j,n(t) − 1)g−1j,n(t)σ2
1− (2r˜j,n(t) − 1)g−1j,n(t)Gj,n(t)
, (4.21)
where r˜j,n(t) = b˜j,n(t)/wl denotes the rate of user j on subcarrier n at TS t.
Hence, the power allocation problem of user j can be formulated as a
function of r˜j,n(t) such that
min
r˜j,n
E˜j = pˆj(T )l + l
T∑
t=1
N∑
n=1
αj,n(t)(2
r˜j,n(t) − 1)g−1j,n(t)σ2
1− (2r˜j,n(t) − 1)g−1j,n(t)Gj,n(t)
(4.22)
subject to
wl
T∑
t=1
N∑
n=1
αj,n(t)r˜j,n(t) = Bj, (4.23a)
N∑
n=1
αj,n(t)(2
r˜j,n(t) − 1)g−1j,n(t)σ2
1− (2r˜j,n(t) − 1)g−1j,n(t)Gj,n(t)
≤ Pmaxj . (4.23b)
The optimization problem is now clearly convex and its Lagrangian can
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be defined as
L(r˜j(t), λj, µj(t)) =
pˆj(T )l + l
T∑
t=1
N∑
n=1
αj,n(t)(2
r˜j,n(t) − 1)g−1j,n(t)σ2
1− (2r˜j,n(t) − 1)g−1j,n(t)Gj,n(t)
+ λj
(
Bj − wl
T∑
t=1
N∑
n=1
αj,n(t)r˜j,n(t)
)
+ µj(t)
(
Pmaxj
−
N∑
n=1
αj,n(t)(2
r˜j,n(t) − 1)g−1j,n(t)σ2
1− (2r˜j,n(t) − 1)g−1j,n(t)Gj,n(t)
)
,
(4.24)
where λj and µj(t) denote the Lagrange multipliers associated with the con-
straints (4.23a) and (4.23b), respectively. By applying the KKT conditions
and solving ∇L(r˜j, λj, µj(t)) = 0, the optimal solution to the problem in
(4.22) - (4.23b) is obtained as
r˜?j,n(t) = log2
(
Λ + Θ +
√
Θ(2Λ + Θ)
2λ?jwlG
2
j,n(t)
)
(4.25)
where
Λ = 2λ?jwlGj,n(t)
(
gj,n(t) +Gj,n(t)
)
, (4.26)
Θ = ln(2)gj,n(t)σ
2
(
l − µ?j(t)
)
, (4.27)
The parameter r˜?j,n(t) is the optimal rate of the j-th user on subcarrier n at
TS t. The same root finding techniques described PA1 can be used to obtain
λ?j and µ
?
j(t). Knowing the optimal rate of each subcarrier allocated to user
j via (4.25), the optimal per-subcarrier transmit powers (according to our
user grouping) that minimize the EM emission subject to transmitting Bj
bits can then be obtained from (4.21).
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4.3.3 Scheduler Algorithm
The central scheduler first groups the users of different sectors together and
then performs subcarrier allocation for the users of each group across all M
sectors. Each BS then performs equal power allocation for each user on their
respective subcarriers, i.e.
pmk,n(t) =

|Nmk (t)|
Pmaxk
, if αmk,n(t) = 1
0, otherwise,
(4.28)
where |Nmk (t)| denotes the number of subcarriers allocated to user k in sector
m at TS t. In the next iteration, each BS measures the interference received
for each of its served users and optimizes their transmissions to obtain the
power allocation by using the interference recorded in the previous iteration.
This process is repeated until convergence is achieved.
Note that PA2 provides an approximation of the transmit powers, since it
computes the transmit power based on user group average channel gains; as
such, the users might not always transmit the exact required target number
of bits. In order to ensure that all users comply with their respective target
number of bits as well as reducing the computational complexity of the power
allocation procedure, the approximate transmit powers of the users are first
obtained via PA2 and then fed into PA1 for being refined, as depicted in the
flowchart of Fig. 4.2. As depicted in Fig. 4.2, the main difference between
PA1 and PA2 is the usage of approximate transmit powers instead of equal
transmit powers before computing the interference for the first time. This
PA2 approach is beneficial in terms of computational complexity, as it is next
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shown in Fig. 4.3.
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User grouping
Perform subcarrier allocation 
to obtain αmk,n(t) v k,n,m,t 
Perform equal power 
allocation by using (4.28) 
Compute r⋆j,n(t) and p
⋆
j,n(t) 
v j,n,t, by using (4.25) and 
(4.21), respectively
Compute rm⋆k,n(t) and 
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using (4.18) and (4.9), 
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Convergence?
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PA1 PA2
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Figure 4.2: Flowchart of the proposed EM emission minimization scheme.
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Figure 4.3: Convergence speed of the proposed power allocation algorithms
for minimizing EM emission.
Fig. 4.3 illustrates the convergence speed of the proposed power allocation
algorithms. It can be seen that the value of the per-sector EM emission
monotonically decreases after each iteration until convergence is achieved,
which is consistent with a convex problem convergence behaviour. In this
particular setting, where Bmk = 20 kbit, ∀k,m, ISD = 700 m and T = 10
TSs, the PA1 algorithm requires, on average, 13 iterations to converge while
the PA2 algorithm with multicell iterative power update (PA2 combined with
PA1) requires only 7 iterations to converge, which represents a computational
complexity reduction of about 46% in comparison with PA1.
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4.4 Complexity Analysis
In this section, the computational complexity of the proposed scheme is anal-
ysed.
The subcarrier allocation phase of the proposed scheme involves choosing
the worst channel gain on each subcarrier and sorting of all NT subcarri-
ers in ascending order of their worst Γj,n. This phase has a complexity of
O(NT (logNT+K)). The user-subcarrier pairing is a two dimensional search
having a complexity of O(KNT ). Hence, the subcarrier allocation phase has
a computational complexity of O(NT (logNT +K)).
The bit allocation phase of the PA1 algorithm involves each sector obtain-
ing the Lagrange multipliers by using the secant method and it has a com-
plexity of O(θNT (θ1 + θ2)), where θ1 and θ2 denote the number of iterations
it takes to obtain λm?k and µ
m?
k (t), respectively, while θ represents the number
of iterations it takes for the rate allocation process to converge. However,
given that this approach involves multicell iteration to minimize the trans-
mit power, the complexity of PA1 is O(ψMθ(θ1 + θ2)), where ψ denotes the
number of iterations it takes for the system to converge. Thus, the proposed
scheme with PA1 has a complexity of O(NT (logNT +K + ψMθ(θ1 + θ2))).
The PA2 algorithm has a complexity of O(θ˜NT (θ˜1+ θ˜2)) for obtaining the
approximate transmit power since it does not involve any multicell iteration,
where θ˜, θ˜1 and θ˜2 denote the number of iterations it takes to obtain r˜
?
j,n(t),
λ?j and µ
?
j(t), respectively. However, in order to ensure compliance with the
target number of bits, multicell iterative power update would have to be
performed. The complexity of PA2 with multicell iterative power update is
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O(ΨMθˇ(θˇ1 + θˇ2)), where Ψ denotes the number of iterations it takes for the
system to converge, while θˇ, θˇ1 and θˇ2 denote the number of iterations it takes
to obtain rm?k,n(t), λ
m?
k and µ
m?
k (t), respectively. Hence, the overall complexity
of the proposed scheme with PA2 and multicell iteration is O(NT (logNT +
K + ΨMθˇ(θˇ1 + θˇ2))).
The single cell oﬄine scheme of Chapter 3 involves the same process as
the proposed scheme with PA2 (with approximation). It also has no user
grouping since the sectors have orthogonal bandwidths, i.e., each sector has
only N/M subcarriers to allocate to its users. Hence, it has a complexity of
O(MY T (log Y T + K + β(pi1 + pi2))), where Y = N/M denotes the number
of subcarriers available per sector.
4.5 Numerical Results and Discussions
In this section, performance of the proposed EM emission reduction scheme
is compared against three existing schemes by using Monte Carlo simulation.
As in Chapter 3, it is assumed here that the SARk and P
ref of all the users
in the network to be the same, i.e. SARk/P
ref = SAR/P ref,∀k. It is further
assumed that all the users transmit the same target number of bits, i.e., Bmk =
B ∀k,m. The fast fading and path-loss follow the model used in Chapter 3.
The proposed schemes are compared against a state of the art uplink multicell
(MC) SE maximization scheme of [115] and two single cell (SC) schemes,
i.e. the oﬄine EM emission reduction scheme of Chapter 3 and a classic
SE maximization scheme [50], where each sector uses different frequency
bands (i.e. the number of subcarriers is split amongst the M sectors) to
97
Table 4.1: Simulation Parameters
Parameter Value
System Bandwidth (W ) 20 MHz
Number of subcarriers (N) 256
Number of sectors (M) 3
Duration of 1 TS (l) 1 ms
Number of CQI bits (a) 4 bits
Rx signal Power threshold (P0) -112 dBm
Max. User Tx Power (Pmax) 0.2 W
SAR 1 W/kg
P ref 1 W
Noise power density -174 dBm/Hz
avoid interference. In the following, the results of three different versions
of the proposed scheme are presented, where “proposed-PA1” denotes the
version of the proposed scheme using PA1 power allocation, while “proposed-
PA2 scheme (approx.)” and “proposed-PA2 scheme with PU” represent the
versions of the proposed scheme using PA2 with approximation and PA2 with
multicell iterative power update. Both the MC and SC SE maximization
schemes perform per TS optimization to avoid interference and improve SE
of the network. Each user transmits signalling power in each TS as long as
their target number of bits has not been met. Transmission for each user
ceases as soon as the target number of bits has been met, in order to reduce
the emitted energy. The numerical values of the parameters considered in
the simulations are summarized in Table 4.1.
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In Fig. 4.4, the per-sector EM emission of the proposed scheme is com-
pared against the SC oﬄine scheme of Chapter 3 as well as the SE max-
imization schemes of [115] and [50], for K = 10 users, inter-site distance
(ISD) = 700 m and T = 10 TSs. The target number of bits is varied from
10 kbit to 20 kbit, representing a data rate of 1 Mbps to 2 Mbps. It can
be observed that the proposed scheme produces the least EM emission of
all the compared schemes, thus supporting the intuition that coordination,
is indeed, beneficial towards minimizing EM emission in multicell systems.
Furthermore, it can be remarked that the per-sector EM emission of all the
schemes increases as the target number of bits increases. This is due to the
increased power needed to achieve the higher target number of bits given
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Figure 4.4: Per-sector EM emission comparison of the proposed EM emission
reduction scheme versus the target number of bits for K = 10 users, ISD =
700 m and T = 10 TSs.
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that the number of subcarriers allocated to each user is fixed in all the EM
emission reduction schemes; while in the SE maximization schemes, the users
require more TSs to transmit their data and achieve the target. Increasing
the number of TSs used for data transmission will result in using more sig-
nalling power for both the SE maximization schemes. Additionally, all the
users will have to transmit signalling power as long as their target number of
bits is not met in both SE maximization schemes. The proposed scheme with
PA2 (approximation) performs within 6% of the proposed scheme with PA1.
This gives a good approximation of the transmission requirements for each
user without the need for multicell iterative power update (PU). However,
when compliance with the target number of bits is ensured, the performance
of PA2 matches PA1. Additionally, the proposed scheme achieves at least
67% reduction in per-sector EM emission when compared with the SC oﬄine
scheme of Chapter 3, and over 3 orders of magnitude, when compared to
the two SE maximization schemes. The SC SE maximization scheme of [50]
has at least 50% higher EM emission when compared to the MC SE maxi-
mization scheme of [115]. This is because the orthogonal schemes have fewer
subcarriers in each cell, i.e., N/M subcarriers, as well as the interference
avoidance employed by the SE scheme of [115].
Fig. 4.5 depicts the per-sector EM emission of the same schemes as in Fig.
4.4, but versus the number of users in the network for a target of B = 10 kbit,
ISD = 700 m and T = 10 TSs. It is evident that the per-sector EM emission
increases with the number of users in the network. This is because the
number of subcarriers allocated to each user reduces as the number of users
in the network increases since the users have to share a pre-defined (limited
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Figure 4.5: Effect of increasing the number of users on the per-sector EM
emission for B = 10 kbit, ISD = 700 m and T = 10 TSs.
by the transmission window length) number of available subcarrier in EM
emission reduction schemes. It implies that the users would have to transmit
with more power to achieve the target number of bits. Whereas in both SE
maximization schemes, more TSs are utilised to achieve the target number
of bits for all the users in the network when the number of users increases.
As in Fig. 4.4, the proposed scheme with PA2 (approximation) performs
very close to the proposed scheme with PA1 and it matches PA1 when the
power allocation is fine-tuned to ensure QoS compliance. Furthermore, the
proposed EM emission reduction scheme achieves an EM emission reduction
of over 70% when compared to the SC oﬄine scheme of Chapter 3 and by
over 3 orders of magnitude when compared to the SE maximization schemes.
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Fig. 4.6 shows the effect of increasing the ISD on the per-sector EM
emission for K = 10 users, B = 15 kbit and T = 10 TSs. It can be seen
that EM emission increases as the ISD increases due to the effect of path-
loss; users would have to transmit with higher power in order to mitigate it,
which also leads to higher interference. As expected, the proposed scheme
with PA2 (approximation) performs very close to the proposed scheme with
PA1 and it is evident that the proposed scheme reduces EM emission by over
70% when compared to the SC oﬄine scheme of Chapter 3 and by over 3 to
4 orders of magnitude when compared to the SE maximization schemes.
In Fig. 4.7, the relative computational complexity of the various schemes
in Figs. 4.4, 4.5 and 4.6 versus the target number of bits is shown for K = 10
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Figure 4.6: Per-sector EM emission comparison of the proposed EM emission
reduction scheme versus the ISD for K = 10 users, B = 15 kbit and T = 10
TSs.
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Figure 4.7: Relative CPU time complexity comparison of the proposed and
benchmark schemes versus the target number of bits for K = 10 users,
ISD = 700 m and T = 10 TSs.
users, ISD = 700 m and T = 10 TSs. The relative complexity is defined
as the ratio of the computational complexity of any scheme to the CPU
execution time of the SC SE maximization scheme of [50], which acts as a
reference. It can be observed that the SC schemes have lower CPU execution
times when compared to the MC schemes. This is is due to the absence of in-
terference, which means that these SC schemes do not require user grouping
nor multicell iterative power allocation. Regarding the multicell scheme, the
proposed scheme’s complexity is roughly 1 order of magnitude more complex
than the scheme of [115]. However, this is a fair price to pay for reducing the
exposure by up to 3 order of magnitude. Furthermore, it can be seen that
the proposed scheme with PA1 has about 10% and 20% higher complexity
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when compared to PA2 with multicell iterative power update and PA2 (ap-
proximation), respectively. It can also be remarked that these results are in
line with the complexity analysis of Section 4.4.
4.6 Conclusion
In this chapter, a novel scheme for minimizing the total EM emission in the
uplink of multicell OFDMA systems has been proposed. The scheme is based
on the assumption that the network can predict the long-term CSI of all the
users in the network and then an optimal power allocation is performed to
obtain the transmit power for each user. Two power allocation algorithms
have been proposed to minimize EM emission. The first power allocation
algorithm performs multicell iterative power update to minimize EM emission
by executing a rate-based water-filling algorithm to obtain the optimal rate
and power allocation of all the users across all sectors. Conversely, the second
power allocation algorithm is based on grouping the users of different sectors
together and using their average channel gains to reduce the complexity of
the power allocation. Consequently, the approximate transmit power of each
user in the network that minimizes each user’s EM emission is obtained.
Simulation results show that the proposed scheme reduces EM emission by
over 67% when compared to the single cell oﬄine scheme of Chapter 3 and
by over 3 to 4 orders of magnitude when compared to the SE maximization
schemes.
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Chapter 5
Conclusions and Future work
In this chapter, the contributions of this thesis are summarized. Furthermore,
some concluding remarks and future research directions are presented.
5.1 Thesis Summary
The first chapter of this thesis presented a generic description of the mobile
communication system and an overview of the factors affecting EM emission
exposure in mobile systems. These include the network topology employed
by the operator, communication link distance and the duration of exposure.
In Chapter 2, a comprehensive survey and tutorial on the metrics, dosime-
try, guidelines/limits on EM emission exposure and promising techniques to
reduce EM emission exposure in mobile communication systems were pre-
sented. Based on the analysis of the current literature, the following conclu-
sions regarding EM exposure in mobile communication systems have been
reached:
1. There are growing concerns on the adverse health effects of EM ex-
posure from mobile systems. Whilst most research works that focus
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on the negative health effects of short-term EM exposure from mobile
systems are inconclusive, there is a consensus among researchers that
it is possibly carcinogenic. More studies are required to fully evaluate
the long-term effects of such exposure.
2. National regulators have prescribed limits on EM exposure levels which
wireless network operators and mobile device manufacturers have to
comply with.
3. Precautionary approaches like the use of hands-free or an earpiece,
minimizing the use of mobile phones and limiting the usage of mobile
phones by children, among others, could be employed to minimize the
risks of exposure to EM radiation from mobile communication systems.
4. Despite these concerns, very few works on explicitly reducing EM ex-
posure from mobile communication systems have been carried out since
most mobile operators and mobile terminal manufacturer focus only on
complying with the regulatory prescribed limits.
The advent of the 5th generation of mobile systems presents a great op-
portunity to address the concerns related to EM exposure. In this regard, five
promising techniques for reducing EM exposure from mobile communication
systems have been identified in Chapter 2; they are: RRA, SAR shielding,
beamforming, CoMP and massive MIMO.
Based on the survey and promising techniques presented in Chapter 2,
Chapter 3 focused on RRA to minimize EM emission in the uplink of single
cell OFDMA systems. The choice of RRA was motivated by the fact that
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EM emission is not only dependent on the transmit power of users but also
the duration of exposure. Hence, a three-dimensional RRA (over frequency,
power and time) is the most appropriate technique to minimize EM emission
in mobile systems without the need for hardware upgrades. As such, two
schemes (oﬄine and online) to minimize EM emission have been proposed
in Chapter 3. The proposed scheduler designs take into account the QoS,
signalling power as well as the data transmission power of each user to pro-
vide a comprehensive analysis of EM emission minimization in the uplink of
mobile communication systems. The oﬄine scheme minimizes the total up-
link transmission energy subject to each user transmitting a target number
of bits. This is based on the assumption that long-term CSI of the users
is available in the network. The oﬄine EM minimization problem was for-
mulated as an optimization problem and an algorithm to iteratively allocate
bits and, subsequently, power to the users on their respective subcarriers
within the transmission window has been presented. Due to the difficulty
in obtaining long-term CSI, the online EM emission reduction scheme was
proposed to minimize the transmission energy per bit of each user on its
allocated subcarriers. It is based on instantaneous resource allocation by
using the short-term CSI knowledge. Simulation results demonstrate that
the proposed EM emission reduction schemes significantly outperform the
benchmark schemes. Furthermore, the results showed that the total uplink
EM emission in the network is proportional to the target number of bits and
the number of users in the network. Additionally, it has been shown that
the total uplink EM emission of the oﬄine scheme is inversely related to the
transmission duration. This is particularly suitable for delay tolerant trans-
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missions. For delay sensitive transmissions, the network can reduce the size
of the transmission window according to the delay requirement of the user
and the EM emission threshold. The oﬄine scheme also proves to be very
robust against the effects of imperfect channel prediction.
In Chapter 4, the oﬄine EM emission scheme presented in Chapter 3 was
extended to the multicell scenario. A novel EM emission-aware scheme for
minimizing the total EM emission in the uplink of multicell OFDMA sys-
tems was proposed. The scheme relies on the availability of the long-term
CSI of all the users in the network and then an optimal rate allocation is
performed to obtain the transmit powers of each user. A novel multicell
user grouping that uses the received interference powers of the users of dif-
ferent sectors was proposed. Subsequently, two power allocation algorithms
were proposed to minimize EM emission. The first power allocation algo-
rithm performs multicell iterative power update to minimize EM emission
by executing a rate-based water-filling algorithm to obtain the optimal rate
and power allocations of all the users across all sectors. Conversely, the sec-
ond power allocation algorithm uses the average channel gains of each user
group to perform power allocation. The approximate transmit power of each
user in the network for minimizing each user’s EM emission was obtained.
Given that the second power allocation algorithm provides the approximate
transmit power of the users, some of the users might not satisfy the target
number of bits constraint. In order to ensure that this constraint is met,
the approximate transmit power obtained by using the second power alloca-
tion algorithm is used as a starting point for multicell iterative power update.
This approach results in a faster convergence rate when compared to the first
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power allocation algorithm. Just as in Chapter 3, simulation results showed
that the proposed scheme significantly outperforms the benchmark schemes.
In terms of convergence speed, simulations show that the first power allo-
cation algorithm requires, on average, 13 iterations to converge while the
second power allocation algorithm with multicell iterative power update re-
quires only 7 iterations to converge. Although the second power allocation
algorithm provides an approximation of the EM emission for transmitting a
target number of bits, simulation results show that it performs within 6% of
the first power allocation algorithm.
5.2 Future Work
In this section, future research directions on how to improve the performances
of the proposed schemes in this thesis are discussed.
1. It would be interesting to investigate the trade-off between the trans-
mission window size and EM emission, given that the signalling power
is dependent on the transmission window size, in addition to the path-
loss of each user. Incorporating the delay constraints of individual users
into the EM emission minimization problem and optimizing the prob-
lem with respect to the users’ delay requirements would provide more
realistic insights on EM emission minimization in mobile communica-
tion systems.
2. Relays are used in wireless communications to improve the SE and cov-
erage of networks by utilizing RNs between the source and destination
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nodes to improve communication reliability. The idea of beamforming
in cooperative communication has been investigated in literature but
mostly to improve the SE of the network and usually in the downlink.
The proposed EM minimization schemes in this thesis can be extended
to a cooperative scenario where a RN and a BS would both employ
multiple antennas while the mobile user has a single antenna. The RN
would employ receive beamforming to direct the beam towards the mo-
bile user and also perform RRA. Upon receiving the user message, the
RN would precode and forward the message to the BS. The precoding
would reduce interference and optimal power allocation would be used
to optimize the transmit power of the relay to reduce the far-field power
density.
3. Control-data separation (CDS) is an emerging technique in which there
is a logical separation between the control plane (CP) and the data
plane (DP) of cellular systems. In CDS, few control base stations
(CBSs) are deployed to provide basic connectivity and signalling ser-
vices. Within the coverage area of the CBSs, several data base stations
(DBSs) are deployed to handle data transmissions of the users. In this
architecture, all the users within the network are connected to the CBS
while only active users are connected to the DBS. This approach leads
to higher network performance in terms of reduced signalling over-
head, handover efficiency and energy efficiency, among others [118].
The proposed RRA schemes in this thesis could be extended to CDS
by ensuring that signalling information is handled by the CBS while
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data transmission is handled by the DBS. The CBS would provide the
basic signalling cover for the users such as cell information, system in-
formation, handover, DBS selection etc, while the DBS supports data
transmission. The DBS could also employ receive beamforming to fur-
ther reduce uplink EM emission by forming beams towards the desired
users, which reduces the transmit powers of the users in the network.
Given that this approach is akin to a HetNet deployment setting, the
relatively smaller size of the BDSs would reduce the link distances be-
tween the user terminals and the DBSs which would, in turn, reduce
uplink EM emission. Although the proposed schemes perform well in
vehicular channels, their performance could be improved when the users
are moving between different DBS coverage areas as the CBS takes care
of DBS handover process.
4. The proposed scheme can be extended to a non-orthogonal multiple
access (NOMA) architecture to further improve the performance of the
system. In NOMA, the signals of different users are superposed in
the power domain and, as such, the same subcarrier can be utilised
by more than one user in a cell and at the same time. The different
users can be distinguished by using multiuser detection techniques like
successive interference cancellation (SIC) [119]. This results in higher
throughput since the resources are reused within the cell. It has been
shown in [120] that the use of NOMA with OFDMA can achieve 95% of
the system upper bound compared to OFDMA only that achieves 81%.
It implies that by incorporating the proposed scheme with NOMA, EM
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emission could be further reduced since there is better utilisation of the
subcarriers among the users.
5. The multicell scheme can be extended by employing joint processing
whereby the users’ signals received by the BSs are forwarded to a central
processor which decodes the signals of the users of different sectors.
The authors of [121] have shown that a sum rate increase of up to
94% can be achieved by employing multicell processing with per BS
SIC with Wyner-Ziv compression. By utilising multicell joint reception
and OFDMA, the performance of the scheme would be considerably
improved, bringing about a reduction in EM emission.
6. The proposed scheme can be extended to a multiple antenna system
to take advantage of the space dimension offered by beamforming to
minimize EM emission. The authors of [81, 122] and [82] have shown
the benefits of performing beamforming on portable devices to min-
imize EM exposure in the uplink, where gains of up to 12 dB could
be achieved by taking into account the SAR constraints of the users.
The proposed scheme can be extended to the multiple antenna system
model of [81,82] by incorporating a SAR constraint, as well as the tar-
get number of bits and power constraints, in the optimization problem
such that a four-dimensional RRA can be performed over frequency,
power, time and space to further reduce EM emission.
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